Mn - DOPED BaTiOs 


A Thesis Submitted 
in Partial Fulfilment of the Requirements 
for the Degree of 

MASTER OF TECHNOLOGY 


By 

L M. ARUNACHALAM 


to the 

INTERDISCIPLINARY PROGRAMME IN MATERIALS SCIENCE 

INDIAN INSTITUTE OF TECHNOLOGY, EANPUR 

JANUARY, 1983 



CENTRAL L!8RARY 


/ / 7 K ir r 


"Acc. No. 



MS - hcS>3>- M- ARU- DOp 



certificate 


Certified that this work on 'Mn-doped BaTiO^' 
by Mr. L.M. Arunachalam has been carried out under my super- 


vision and that this has not been submitted elsewhere for a 


degree . 


E.C. Subbarao 
Professor 

Department of Metallurgical Engineerin 
Indian Institute of Technology 
KANPUR. 



iii 


ACKNOWLEDGEMENTS 

I am grateful to Professor E.C. Subbarao for his 
excellent guidence and encouragement throughout the course of 
this work. It is a great pleasure to work mder such a 
dextrous person who has shown me the path of perfect research. 

I am indebted to Professor D. Chakravorthy for his 
excellent guidence dxiring the earlier stages of this work. 

I am thankful to Professor K.P. Gupta for his timely 
advices and suggestions dxiring the final stages of this work. 

I sincerely acknowledge the help of Mrs. Padmavati 
Shankar/ for doing the chemical analysis/ and Mr. K. Umesh 
Kumar for his cooperation and suggestions, and their 
timely help towards the last stage of this work. 

I wish to e2<press my appreciation towards Mr. V.P. 
Sri'fastava for his help in setting-up various systems of 
this work and the useful advices provided at different stages 
of this work. 

I am thankfuil to Mr. B. Sharma, Mr. S.R. Chaurasia, 

Mr. U.S. Lai/ Mr. A.N. Prasad, Mr, S.N. Muddukrishna, Mr. K.S, 
Kesava Murthi, Mr. B.A.R.C. Muirthy, Mr. S.C. Barthwal, Mr. 

K. Rajagopalan, Mr. V. Srikant, and Mr. S.K. Miikherjee for 
their timely help throughtout the covirse of this work. 

I wish to thank my friend Dr. S. Shankar for the 
valuable discussions during the sample preparation of this work. 



I wish to express my gratitude towards Mr. R*N. 
Srivastava# Mr. Vishwanath Singh and Mr. V.P. Gupta for their 
help in getting this thesis in the printed form. Their 
unselfish cooperation is never forgettable. 

The financial support of the Department of Electronics 
Government of India is gratefully acknowledged. 

Finally/ I would like to thank my friends Dr. E.M.T. 
Velu, Mr. U. Ramakrishna, Mr. S. Bhattachar ji / Mr. R. Chowdary 
Mr. S. Pandian and Mr. T. Arul Mozhi for their cooperation 
and kind company. 


L.M. ARUNACHAIAM 



To 

MfY PARENTS , 

BROTHERS and SISTER. 



" SCIENTIFIC INVESTIGATION BEGINS 

WITH SIMPLE OBSERVATIONS " 


\ 



CONTENTS 


LIST OP TABLES (X) 

LIST OF FIGURES . 

I. introduction 

1.1 Multilayer capacitors ^ 

1.2 Internal Boundary Layer (IBL) ^ 

Capacitors 

1.3 Electrode Problems 4- 

1.3.1 Liquid Phase Sintering 5 

1.3.2 Base Metal Electrodes ^ 

1.4 Processes to make BME Capacitors ^ 

1.4.1 Electroless Nickel Deposition ^ 

1.4.2 Electrode Firing in Reducing 
Atmospheres 

1.4.3 Sintering in Reducing Atmospheres ii 

1.5 Literatxire Survey tl 

1.5.1 Development of Dielectric Composition 

for BME Capacitors '* 

1.5.2 Manganese Doped Barium Titanate 13 

II. STATEMENT OF THE PROBLEM 19 

III. EXPERIMENTAL TECHNIQUES AiL 

III . 1 Sample Preparation 

111. 1.1 Raw Materials 

111. 1.2 Preparation of Mn -doped and Undoped 
Barium Titanyl Oxalates (BTO) 

II I. 1.2. a General Procedure of Preparation ^5 

111.1.3 Pelletisation 

III. 1.4 Sintering 

1 1 1 . 1 . 5 Elect roding 

III. 2 Characterisation 

111. 2.1 Thermal Analysis 

111. 2. 2 IR Studies 

111 .2.3 X-ray Analysis 



III. 2. 4 


IV. 


Estimation of Ba/Ti Ratio - Chemical 
Analysis 


S4- 


111. 2. 5 

111. 2.6 

111. 2.7 

111. 2.8 

111. 2. 9 

111.2.9.1 

111.2.9.2 

RESULTS AND 
IV. 1 

IV. 1 . 1 
IV, 1.1.1 
IV. 1.1. 2 
IV. 1.2 
IV.1.2.1 

IM . > . 2. 2. 

IV. 1.3 

IV. 1.3.1 
IV. 1.3. 2 
IV.1.4 
IV. 2 
IV. 2.1 

IV. 2^1.1 

IV. 2 . 1 . 2 

IV. 2. 2 

IV. 3 

IV.3.1 
IV, 3. 2 
IV. 3. 3 


BixLk Density Measurements 

Temperature Dependence of the 
Dielectric Properties 

AC Arrplitude and Frequency Dependence 
of the Dielectric Properties 

Temperatvire Dependence of the Elect- 
rical Resistivity in Air Atmosphere 

Annealing Stvidies of the Sanples 

Annealing in 

Annealing in Various Partial Pressures 
of Oxygen (P^ ) at 1100°C 

DISCUSSION 

Mn-doped Composition of Group I and 
Undoped BaTiO^ by Oxalate Method 

Ihiermal Analysis and Infrared Studies 

Thermal Analysis 

IR Studies 

Chemical and X-ray Studies 
Chemical Analysis 

Temperature and AC Amplitude Depen- 
dence of the Dielectric Properties 

Temperatiire Dependence 

AC Amplitude Dependence 

Discussion 

Development of the Mn-doped Composition 

Developmental Ideas and Their Influence 
on the Mn-doped Conpositions 

Basis / Result and the Discussions of 
the Pilot Esqjeriments 

Electrochemical Experiment to Support 
the Redox Hypothesis 

Domain Stabilization and Resistivity 
Studies 

Study of the Mn-doped Compositions; 
Group I and Groxp III 

Thermal Analysis Study 

X-ray Analysis 

Chemical Analysis 


S5 




3g 

4^ 

4o 

4-i 

43 

4-3 

43 

43 

48 

50 

Sc 

Sb 

5b 

5^1 

54 

55 

5<? 

Gi 

fx 


85 

$8 



IV. 3. 4 

Tenperature Dependence of Dielectric 
Properties 


IV. 3. 5 

Domain Stabilization and Loss 

Mechanism 

93 

IV, 3,6 

Annealing in H 2 

\o2 

IV. 3.7 

Annealing and Quenching in Various 

P 02 at 1100°C 

10 ^ 

IV. 3. 8 

Behaviour of the Nickel Electroded 
Capacitors 

tog 

IV.3.9 

Temperature Dependence of Resistivity 
of Pxire and Mn -doped BaTiO^ 

103 

IV. 4 

Effect of the strong Reducing Atmos- 
phere on the Properties of the Mn- 
doped Cortpositions 

leg 

V. SUMMARY 

AND CONCLUSIONS 

us 

APPENDIX I 

Chemical Analysis 

us 

APPENDIX II 

Oxygen Sensor 

118 

APPENDIX III 

Formation of Electrochemical Cell to 

Study the Doping Mechanism of Mn 



ia4 


REFERENCES 



LIST OF TABLES 


Pnc,& 


I.l 

Variation of the cost of the electrode material 



with capacitance value 


III.l 

Abbreviation of the calcined corrposition 

as 

III. 2 

Instrument parameters of Derivatograph 

33 

III. 3 

Instrument parameters for X-ray diffraction 

studies 

S 4 

IV. 1 

Peak positions in DTA of undoped and Mn-doped 
bariim titanyl oxalates 

44 

IV. 2 

Conparison of weight losses of BTO observed and 

calculated 

4.4 

IV. 3 

Dielectric properties of Mn-doped and undoped 
BaTiO^' 

5A 

IV. 4 

Peak positions in DTA of undoped and Mn-doped 

barium titanyl oxalates 

66 

IV. 5 

Chemical analysis - Ti/Ba ratio 


IV. 6 

Dielectric properties of Mn-doped and undoped 

samples 

•M 

IV. 7 

Resistivity of undoped and Mn-doped samples 



after annealed at 800 "C for 30 minutes; P„ = 

-12 ^2 

10 atm 

H 

IV. 8 

Peak position in DTA of undoped and Mn-doped 

barium titanyl oxalates 

86 

IV. 9 

Comparison of the weight losses of the BTO (M^) 
and BTO (A) per gram of the sample 

S6 

IV. 10 

Chemical analysis; Ti/Ba ratio 

'^9 

IV. 11 

Dielectric properties of Mn-doped BaTiO^ 


IV. 12 

Variation of the Curie point of Mn-doped sairples 
with respect to the heat treatment 

‘3A 



IV. 13 Effect of annealing in H 2 on the different 

properties of the Mn-BaTio^ of various temper- 
atures 


IV. 14 Variation of resistivity with -sanples 
annealed and quenched in various^partial 
pressures of oxygen at 1100°C/30 min: started 
in air at 1350 °C/2 hrs 

IV.15A Ni electroded samples: Treated in H 2 at 900 °C 
for 60 min. 

IV. 15b Ag electroded on the sanples which were previ- 
ously coated with Ni electrode 

IV.16d Effect of strong reducing sintering on the 
properties of Mn-doped samples 


10 ^- 

leg 

icsS 


Ul 



LIST OF FIGURES 


I.l 


111.1 

111. 2 

111. 3 

111. 4 

111. 5 

111. 6 

IV. 1 
IV. 2 
IV. 3 

IV. 4 


IV. 5 


IV. 6 
IV. 7 
IV. 8 
IV. 9 
IV. 10 


p06v£ NO. 


Schematic representation of a miiltilayer 3 

capacitor 

Systems used to transfer and dilute TiCl^ 9.6 

Apparatus used for the preparation of BTO 

Sketch of the platinim furnace ^1 


Sample holder for high temperature dielectric 
measurements 


% 


Alumina sample holder for conductivity studies SI 
General outlay of the system used to treat the 

AS. 

samples at different PO 2 atm. 

DTA and Tga of barium titanyl oxalates 

IR spectras of pure and Mn-doped BTO 43 


Variation of the dielectric constant with 
temperature 

Dependence of £ on the artplitude of the 

external AC field below T for different concen 

c 

trations of Mn doping. Measured at T = 28 °C 
and f = 1 KHz. Well aged sintered samples 


Dependence of the loss factor tan V on the 
amplitude of the external AC field below T^ for 
different concentrations of Mn doping. Measured 
at T = 28 °C and f = 1 KHz. Well aged sintered 
samples 


DTA of Mn-dqped barium titanyl oxalates ^3 

IR spectra of undoped and Mn-dcped BTOs ^ 4 . 

IR spectra of bto(f) 64 

IR ^ectra of Mn-doped and pure BaTiO^ 69 

Variation of the dielectric constant with temp- 
erature 



IV. 11 


Dependence of (c on the amplitude of the 
external AC field. Measxired at T = 28 °C and 
f = 1 KHz, well aged sintered samples 

IV. 12 Dependence of the loss factor tan^ on the 

amplitude of the external AC field. Measured at 
T = 28°C and f = 1 KHz, well aged sintered 
samples 

IV. 13 Dependence of t on the amplitude of the external 
AC field. Measured at T = 28°C and f = 1 KHz. 
Samples were annealed at 1100°C for 10 min. and 
quenched to R.T. in air atmosphere 

IV. 14 Dependence of the loss factor tan ^ on the ampli- 
tude of the external AC field. Measured at T = 
28°C and f = 1 KHz. Sairples were annealed at 
1100°C for 10 min. and quenched to R.T. in air 
atmosphere 

IV. 15 Dependence of € on the artplitude of the external 

AC field below T for different concentrations of 

c 

Mn doping. Measured at T = 28 °C and f = 1 KHz. 
Identical sintering (1300°C/2 hrs) and annealing 
(1100°C/4 hrs) treatments were given to check 
the grain boundary effect. Well aged samples 

IV. 16 Dependence of the loss factor tan 6 on the 

artplitude of the external AC field below for 
different concentrations of Mn doping measured 
at T = 28 °C and f = 1 KHz. Identical sintering 
(1300 ''C/2 hrs) and annealing (1100°C/4 hrs) 
treatments were given to check the grain boundary 
effect. Well aged samples. 

IV. 17 Dependence of € on the amplitude of the external 

AC field below T for different concentrations of 

c 

Mn dcping. Measured at T = 28°C and f = 1 KHz. 

Sanples were annealed in UHP Argon at 800 “C with 
—12 

PO 2 = 10 atm for 30 min. Well aged samples 



IV. 18 


Dependence of the loss factor tan S on the 
amplitude of the external AC field below for 
different concentrations of Mn doping. Measured 
at T = 28 °C and f = 1 KHz, Sanples ware annealed 
at 800 °C with PO 2 = lo”^^ atm for 30 min. Well 
aged samples. 

IV. 19 DTA of Mn -doped barium titanyl oxalates 

IV. 20 Variation of the dielectric constant with teirper- 
ature 

IV. 21 Dependence of t on the amplitude of the external 
AC field measured at T = 28 °C and f = 1 KHz. 

Well aged sintered samples (1350°C/2 hrs) air 
atmosphere 

IV. 22 Dependence of the loss factor tan £ on the 

amplitude of the external AC field. Measured at 
T = Z8°C and f = 1 KHz. Well aged sintered 
sartples. (Sintered at 1350°C/2 hrs in air 
atmosphere) 

IV. 23 Dependence of C: on the amplitude of the external 
AC field, Meastired at 28°C and f = 1 KHz. 

Samples were annealed at 1100 °C for 10 min and 
quenched to room temperatiore in air atmosphere at 
1350°C/2 hrs 

IV. 24 Dependence of the loss factor tan on the 

amplitude of the external AC field. Measxared at 
T = 28 °C and f = 1 KHz. Samples were annealed at 
1300°C for 10 min and quenched to room temperatiore 
in air atmosphere. (Sintered in air atm. at 
1350 °C/2 hrs) 

IV. 25 Dependence’ of ^ on the amplitude of the external 

AC field. Measured at T = 28 °C and f = 1 KHz. 

Samples were annealed at 1300 °C for 10 min and 

quenched to room temperature in the low partial 

-12 

pressure of oxygen (PO« = 10 atm) (Sintered 

^ -12 

in the purified argon with PO 2 = 10 atm at 
1350 °C/2 hrs) 



IV. 26 

IV. 27 

IV. 28 

IV. 29 

IV. 30 

IV. 31 

AII.l 
All. 2 


Dependence of the loss factor tanij' on the 
anplitude of the external AC field. Measured at 
T = 28 “C and f = 1 KHz. Samples were einnealed 
at 1300°C for 10 min and quenched to room temp- 
erature in the low partial pressiore of oxygen 
-12 

(PO 2 = 10 atm) . (Sintered in the purified 
argon with PO 2 = lO”^^ atm. at 1350°C/2 hrs) 

Dependence of € on the anplitude of the external 
AC field. Measured at T = 28 °C and f = 1 KHz. 
Samples were annealed at 1300 °C for 10 min and 
quenched to room tenperat-ure in the oxygen atmos- 
phere. (Sintered in the oxygen atm. at 1350°C/ 

2 hrs) 

Dependence of the loss factor tan 6 on the 
amplitude of the external AC field. Measured at 
T = 28®C and f = 1 KHz. Samples were annealed 
at 1300°C for 10 min and quenched to room temper- 
ature in the oxygen atm. (Sintered in the oxygen 
atm at 13 50° C/2 hrs) 




loo 


lol 


Calculated total oxygen vacancy concentration 
vj = Vq "^o '^o * Mn -doped 

BaTiO^. (i) as a function of Mn concentration 
and (ii) as a function of the oxygen partial 


pressure 


hsSL 

Frequency dependence of tan g 
BaTiO^. Well aged sairples 

for pure and doped 

I 04 

Variation of resistivity with 
undoped and Mn-doped BaTiO 

terrperature for the 

fio 


Oxygen sensor unit 
E vs. -log P^ 





ABSTRACT 


A reasonably good dielectric composition of Mh~ 
doped BaTiO^ for Base Metal Electrode (BME) technology had 
been developed by oxalate method. An explanation was given 
for the suspected mechanism involved with doping of Mn into 
the Barium Titanyl compound. Detailed domain stabiliza- 
tion stLidies were done. It was found that the stabilization 
has got improved by quenching from the higher temperatures 
and heat treating in the low partial pressure of oxygen. 

The influence of I'']h on the decomposition of Barium Titanyl 
oxalate m&s studied by simultaneous DTA and TGA. Successful 
use of IR oechnique to detect the Mh in the Barium Titanyl 
oxalate was done. Variation of the resistivity with the 
various par-t:ial pressure of oxygen was studied with the 
application of the BME multilayer capacitor in mind, Nickel 
electrode! BME disc capacitors were produced with good 
properties, A dielectric composition i.e. BaTiO^ having 
0.6 cationic mole percent of I-fei of the developed sample 
and 2.0 cationic mole percent of the coprecipitated sample 
were found to be most suitable for making BME capacitors, 
the same 0,6 mole percent could be used to produce multi- 
layer capacitor with base metals. 



I . INTRODUCTION 


The ferroelectric nature of the ceramic materials has 
been extensively exploited in maXing ceramic capacitor which 
appeared nearly foxir decades ago. The principal reason is 
due to the presence of high dielectric constant in these 
materials. Barium Titanate, an important representative of a 
family of ferroelectric materials/ was the first ferroelectric 
ceramic developed and is still used widely. Obviously the 
reasons for this are, apairt from its high dielectric constant, 
(i) it is chemically and mechanically stable, (ii) it has a 
wide temperature range of operation i.e. it exhibits ferro- 
electric properties at and above room tenperature, and (iii) 
it has the advantage of easy manufacturing technique in the 
form of poly crystal line ceramic sanples. 

We know that the capacitance of a parallel plate 
condensor is directly proportional to the electrode area and 
inversely proportional to the sample thickness. So by 
increasing the electrode area and by decreasing the dielectric 
material thickness a high value capacitor could be achieved. 

But due to the brittle nature of the ceramic materials the 
capacitors with a large area and small thickness are very 
fragile and cannot be used without any mechanical support. 

The drive towards the miniaturization led to the development 
of (i) multilayer capacitors and (ii) internal bovindary layer 
capacitors . 



1 . 1 . MULTI LAYER CAPACITORS : 


A multilayer capacitor consists of alternating layers 
of insulating ceramic of 25 jim thickness and conducting 
electrodes of 2 pm thickness. Such thin ceramic layers can 
be processed because the mechanical stability is assured by 
stacking the layers upon each other in the form of plastic 
foils with metal paste printed on them before the unit is 
sintered as a whole . Figure 1 . 1 shows a schematic represen- 
tation of a multilayer capacitor. These are generally rect- 
angular in shape with parallel electrodes brought out at the 
narrow ends of the rectangle. To prevent the edge breakdown 
a margin of bare dielectric is allowed around each plate. The 
whole arrangement is very compact and has high volumetric 
efficiency. The whole stack is sintered arotind 1350°C/ whi<di 
necessitates the use of high melting point metals like Pd, 
pt or their alloys as the electrodes. 

The most common and inportant characteristics of a 
multilayer capacitor to be appreciated are capacitance value, 
rated voltage, the stability of capacitance with respect to 
temperature and voltage and lastly the dielectric aging. 

1.2. INTERNAL BOUNDARY LAYER (IBL) CAPACITORS : 

Commercial capacitors are usually manufactxired from 
titanate based materials of the perovskite (ABX^) family, 
which are made semiconducting (n-type) byaliovalent chemical 
substitution, gaseous reduction, cr combination thereof. 
Resistivity distributions are developed within the micro- 
structure by boundary counter diffusion, or by sintering in 


Sotderlands 



Fig. I .1. Schematic representation of a multilayer capacitor. 


the presence of a liquid phase which solidifies on cooling 
into an insulator. Ideally, the former method is character- 
ized by grain to grain contact, with interfacial compen- 
sation states, and the latter by grain bo grain separation 
With an insulating inter grannular phase. Anomalously high 
apparent dielectric constants (over 20,000) calculated for 
IBL capacitors are generally attributed to enhanced space 
charge polarization pi-ocesses taking place between semicon- 
du-cting grains and resistive boundaries. 

There are certain problems to be tackled in the 
development of these capacitors (l). 

1.3. BLBCTRODE PRO BLEMS s 

The usability of a metal as an electrode material 
in monolithics is determined by two properties; (i) its 
melting point and this should be higher than the sintering 
temperature of the ceramic and (ii) its metal/metal oxide 
equilibrium oxygen vapouir pressure and this shoiild be higher 
than that of the oxygen partial pressure during firing. 

normally the capacitor is sintered in air at temper- 
atures higher than 1300°C, and therefore only high melting 
noble metals like Pd (m.p. 1552°C), Pt (m.p. 1769^0) or 
alloys thereof can be used for the electrodes. Consequently 
any multilayer capacitors must be an inherently expensive 
device. 

There are 'cwo possible technological solutions to 
tackle this problem and they are (i) liquid phase sintering 
and (ii) base metal electrodes. 



1 , 5 • 1 . Li_quij^ jHm Sint erin g ; 

In this the technique involved is by using a trans- 
ient liquid phase , the sintering temperature of the ceramic 
dielectric can be lowered from the usual 1300-1400°G to below 
the melting temperature of Ag or one of the low melting Ag~ 

Pd alloys and thereby the noble metals like Pt and Pd as the 

€?«c-H«side. 

. material could be avoided. The liquid phase should 
jpossess the xDroperties viz, 

(i) it should not react with the dielectric compositions, 

(ii) it should melt at or below 800-900°C, 

(iii) the crystalline phase, formed on cooling, should 

preferably have a relatively high dielectric cons- 
tant, so that the dielectric constant of the compo- 
site is not too greatly decreased, and 

(iv) the viscosity of the liquid should be low at the 

sintering temperature so that the amount of liquid 
phase is kept to a minimum, lead germanate (2), CuO 
(3) and Bismuth Borate systems (4) have been used as 
liquid phase materials. 

Generally the disadvantages involved are that the liquid 
phase diffuses into the BaTiO^ lattice and thereby decreases 
the dielectric constant value at room temperature and poor 
densification of the ceramic dielectric at the temperatures 
that required to avoid the oxidation of Ag (m. p. 96l*^C). 



1.5.2, Ba se^M eta 1_ Electrodes ; 

In the BME technology, a Base metal, such as nickel, 
has a melting point higher than the sintering temperatures 
employed in capacitor manufacture and is much cheaper than 
Pd or even Ag, Houever, at the sintering temperatures, Ei 
oxidizes to EiO and in the process reduces BaTiO^ By conver- 
ting a corresponding number of Ti ions to the Ti'^ state. 
'The presence of Ti in two valence states on crystallographi- 
cally equivalent sites lead to large electronic conductivity 
and the ceramic is no longer useful as a dielectric. The 
oxidation of Ni may Be prevented By" sintering the multilayer 
capacitors in a reducing atmosphere, But this again causes 
the reduction of the titanate ceramic. 

The incorporation of manganese ions into the Barium 
titanate lattice lias Been found to prevent reduction of 
Barium titanate, when it is fired in an atmosphere reducing 
enough to inhibit the oxidation of nickel. It was found 
that the Ma~doped Barium titanate is the most effective 
dielectric composition that can Be applied with Base 
metals ( 5 , 6 ^ .to-lB). 

By using the BME technology, not only the multi- 
layer chips But also the disc capacitors could Be produced 
at relatively low cost. One of the most significant aspects 
of Base metal electrode capacitors is the possibility of 
Building very large capacitance values economically. Since 
the total electrode area and thus the metal content of a 
capacitor increases in direct proportion to capacitance , 



precious metal costs quickly lecome prohibitive as capaci- 
tance values increase (Table I.l). 

Thus it is obvious from Table I.l that BIIB techno- 
logy can extend the range of capacitance values that can be 
economically produced by at least two orders of magnitude, 

TABLE 1,1, Variation of the cost of the electrode material 
with capacitance value (fe) 


Capacitance 


Metal cost 




Pt 

0 140 

75 Ed 25 Pt 
^ 106 

Pd 
^ 41 

70Pd 50Ag 
^ 15.10 

Ni 

^ 0.15 

0.01 

0.006 

0,005 

0.002 

0.001 

0.000 

0,10 [lE 

0.060 

0.045 

0.018 

0.006 

0.000 

1.00 pE 

0.600 

0.454 

0.176 

0.064 

0.001 

10.00 pE 

6.000 

4.540 

1.760 

0.647 

0.006 

100.00 pE 

60.000 

45.400 

17.600 

6.470 

0.064 


The other advantages of using base metals such as 
nickel over conventional electrode materials such as silver 
are; (i) their non-migratory nature; (ii) lack of dissolution 
in soft solders; (iii) greater resistance towards humidity; 
(iv) extension of the life of the capacitor and (v) possi- 
bility of sintering dielectric with the base metal (since 
melting points are higher compared to silver) . This obvi- 
ates the electrode firing step which has to be carried out 
separately in case of silver electrodes whereas the obvioxis 



disadvantage is that the base metals have higher resistivity 

c 

values compared to pre ious metals, thus increasing the 

A 

series resistance and in turn dissipation factor of the 
capacitor, hut this can he easily compensated hy their 
advantages . 

1.4. PROCESSES^ Tp^ BliE CAPAOIf ORS s 

Essentially there are three different processes 
currentls' being useds 

1. Electroless deposition of nickel on the fired samples 
of dielectric j 

2. Applj^'ing Ni-glass . electrode paste on sintered 
sample of modified composition and firing at about 
900°C in reducing atmospheres. 

3. Coating nickel to green samples of dielectric of modi- 
fied composition and sintering them in controlled 
reducing atmospheres. 

1,4.1. B lep)J;rpf^^^^ Hi c^l Repositi on ; 

In this process the composition of the dielectric 
need not be modified. The air fired samples can be used 
directly. The nickel deposited in this way is not pure 
nickel but it is a nickel phosphorous alloy, containing 4 
to 8 percent phosphorous. The presence of latter makes 
the deposit more corrosion resistant, and less magnetic 
than electrodeposited nickel. 

The essential chemicals are simple nickel salt, 
hypophosphite ion, which is the reducing agent and a salt 



usually of an organic acid which acts both as a buffer and 
complexing agent for nickel. The overall equation is 


h2^o: 


Fi^ + HgO 


N. + 


^3^0; 


+ 2E^ 


(I.l) 


There is also some side reaction which wastes some of the 
hypophosphite ion? 






+ H 

3 0^ 


2 


(1.2) 


There are two different types of baths , ammonja cal 
(pHj, S-ll) and acidic (pH, 4 - 7 ). Vessels for electroless 
plating bath may consist of glass, passivated stainless steel 
etc. The bath should be heated in a manner that obviates 
local over heating which may lead to spontaneous decomposi- 
tion. The procedure to deposit on dielectrics and insulators 
is , 

(i) Degreasing by immersion in an alkaline properiCtery 
solution, 

(ii) Chemical etching in solutions suitable for noncon- 
ductors , 

(iii) Seeding the surface, and 

(iv) Electroless nickel plating. 

Degreasing and etching solutions vary with the non- 
conductor. The end restilt will be a surface that will be 
chemically clean and uniformly etched. The seeding solution 
will be 150 g/l solution of hypophosphite operated at 90 °G. 
Bisenberg et al ( 7 ) deposited electroless nickel on alumina 
in an acid bath of composition. 



Nickel sulphate : 

30 g/1 

Sodium acetate : 

10 g/1 

Sodium hypophosphite 1 

10 g/1 

pH ; 

4-6 

Tempeiature : 

80-9 0°C 


This process will lower the processing costs because 
of the elimination of the electrode firing step, 

1,4.2, EIl^c t rpjde_ Firi ng in Re duc ing Atmosph e res : 

RecontJ-y, Bum (8) has reported a method of produ- 
cing BME capacitors with little change in processing proce- 
dure, except that the nickel glass frit electrodes should 
be fired in mildly reducing conditions and the composition of 
dielectric should also be changed slightly such that one can 
get high resistivity samples even after firing in reducing 
atmospheres. The atmospheres of firing electrodes should be 
such that the electrodes should not get oxidized? for firing 
temperatures around 900°C, the partial pressure of oxygen 
should be around lO""^^ atm, if nickel is the electrode. Under 
this atmosphere , Eb and Bi which are us-ually present in the 
conventional glass frits, will also be reduced. For this 
purpose borosilicate glasses having composition 4BaO, 

AI 2 OJ 2 B 20 ^ are used. 

This is a simple process of producing BtlE ceramic 
disc capacitors but this may not be a useful process in 
producing BIIE multilayer capacitor for which single step of 
firing is preferred. 



1*4.3. S int er ing in. Red ucing Atmos plieres ; 


This method which, is being widely used in producing 
multilayer capacitors with nickel as electrode consists of 
depositing nickel by casting -under doctor blade or by spraying. 
Oil green samples of modified dielectric composition, and 
sintering them in reducing atmospheres . 

Herbert (9 ) re^Dorted a general procedure for getting 
BI-IS multilayer capacitors in the 100-10000 pR range with 
losses less than 0.001 and very low temperature coefficient. 
But he did not specify the dielectric composition. 

Here the process consists of a single step of 
firing to produce the capacitors compared to two firings 
needed to produce conventional capacitors. Thus the proce- 
ssing costs also favo-ur the substitution of silver by nickel. 

1.5. s 

1.5.1. Develo-pmen t pf_ Die l ee tr ie Comno sitjon. for B ME 
Capacitors ; * 

As discussed in the previous section that there are 
three different processes of making BI® capacitors , out of 
which two processes require a firing step in reducing atmo- 
sphere, This necessiates the use of modified BaTiO^ compo- 
sition which would not get reduced in reducing atmospheres. 

In reducing atmospheres BaTiO^ will become a cond- 

3+ 

uctive body due to the Ti ions formed, accompanying the 
fonnation of oxygen ion vacancies. This can be prevented 
by adding an additive which can either act as an acceptor 



thus compensating, for the oxygen vacancies or can act as 
effective electron trap. 

Various elements (lO-l^"* were tried as reduction- 
inhihiting dopants such as Gr, Mn, Pe , Co, Ni, Mg, Zn, Al, 

Ga and li which are capable of having a valency +4 with 
similar ionic size as Ti^"^ and it was observed (lO-l'S) that 
m is the most effective dopant in producing reduction inhibi- 
ting ceramic and the order of efficiency was foimd to be 
Mn > Co > > Cr > Ga j> i'e. Desu (6,12) suggested a 

plausible explanation for the above observed trend by the 
calculation of energy loss or gain when an ion present in 
BaTiO^ lattice -■ traps electrons . The idea is that the 
probability of electron trapping will be highest in the case 
that leads to maximum decrease in the lattice energy. The 
order of effectiveness of the ions calcxilated based on this 
calculation very well compares with the observed trend, 

Herbert (ll) observed that when more than 2 mole 
per cent of oxides of Co, Hi and Be are mixed with BaTiO^ 
and fired above lOOO^C in hydrogen, they are reduced to 
metallic state, whereas Mh yields a stable oxide even in 
H 2 and at sintering temperatures of BaTiO^. 

To understand the behaviour of acceptors during the 
process of producing BME capacitors Daiiiels (13) has carried 
out some theoretical as well as experimental studies in a 
simple system like Ga doped BaTiO^, where, there is little 
chancefor dopant to change its oxidation state during the 
process, and he found out that more than 0,4 mol per cent 



of Ga is needed to prevent reduction of BaTiO^ and to be 
sintered in reducing atmospheres. 


Manganese Doped Barium Titanate ; 


% 


Me 3aiow# now, that manganese is the most effective 
dopant to prevent the reduction of barium titanate in the low 
partial pressvire of oxygen. The present work is on this 
subject to understand more this dielectric composition because 
of its technological and scientific importance. Let us see 
now, briefly, the dielectric and electrical properties of 
this material based on the earlier research on this material. 

It was foxand that MnO was the only oxide found to 
protect BaTiO^ from reduction under strongly reducing condi- 
tions (10). excess of 5 atom per cent lowers the 

transition point of technical preparations of BaTiO^ and it 
has been found that a solid solution of Mn 202 in hexagonal 
BaTiO^ is formed with a soliibility limit of approximately 46 
atom per cent Mn at 11 00*^0 (10). The Mn was found analyti- 
cally to be largely in the tri valent state in these solutions. 
Some quadrivalent Mn was also present when the total quantity 
of Mn was less than 5 atom per cent; here the structure was 
of the inperfect tetragonal type. Increasing amounts of 1^20^ 
cause the shrinkage of the lattice of hexagonal BaTiO^. It 
was reported, that, when such a hexagonal solution was sintered 
at 1200*^ to 1300*^C in H 2 the Mn was reduced to the divalent 
state and some of it appeared as a separate phase of MnO while 
the BaTiO^ was converted to the cubic form. The coloxir and 



resistivity of the resulting body indicated that it did not 
. 3-f 

contain Ti ions ( 10 ) . 

Herbert (11) shown that 0.5 mol per cent Mn will'* fee 
sufficient to prevent the reduction of BaTiO^. Desu's 
calculations (6/ 12 ), on the minimum concentration of variJ^ 
acceptor ions needed to prevent reduction of BaTiO^ for two 
different conditions; (i) 900°C in and (ii) 1350°C in H , 

Z, ^0 

show that 0.25 for the condition (i) and 0.4 for the cond- 
ition (ii) of the Mn . These conditions are of importance 
because, the former is where, Ni electrode glass frits are 
fixed on dielectric samples to make BME ceramic disc capa- 
citors, and the latter condition is being used as a sintering 
condition for malcing BME capacitors. 



Generally doping of Mn at site in BaTiO^ 

(prepared from BaCO^ + ^ 1 ^ 2 ^ reduces the permittivity and 
loss factor and they decrease further with larger conc- 
entrations (6) upto 1 mol per cent of Mti (14). Desu's work 
on the 1‘t.i-doped BaTiO^ (6)5, prepared from BaCO^ and 1102 
with different Ba/li ratio showed that the harium excess 
composition (Ba/li = 1.0/0,98) has very good dielectric 
properties over other compositions l.O/l.O and 1.0/1.02. 

Also it showes that there is no effect of Ba/li ratio on the 

Curie temperature of BaTiO^. Sintering in Argon (low partial 

^ On 

pressure of oxygen) always resulted^ higher densities, high 
dielectric constants and low dissipation factors. 

Just like other acceptors ]\'1h also was foxmd (15) to 
decrease the Curie point of BaTiO^j. This dif fereme in Curie 
point was found to increase with increasing amounts of Mn 
(in BaTiO^ prepared from BaCO^ + TiO, ) and annealing in 
atmospheres of lower oxygen content? the latter fact is 
attributed to the change of oxidation state of Mn, But the 
Mh-doped material which was prepared by oxalate method (6) 
does not show decrease . the permittivity. Bather they show 
high dielectric constant compared to the undoped material. 
Also there is no remarkable decrease in Curie point (not 
more than 5°C for 2 mol per cent of Mh addition) . 

To understand clearly the effect of a dopant in a 
particular lattice one shoxild know its defect chemistry. 

The defect chemistry of BaTiO^ was studied by several 
researchers ( 16-18) on polycrystalline and flux grown 
samnles at temneratures above 500°C. All of these studies 



indicate that there is an extensive range at low oxygen 

partial pressure (Pp, ) where conductivity increases with 

decreasing Pp, , characteristic of 'n’ type conduction related 
^2 

to oxygen deficiency, whereas in the Pp, range near 1 atm. 

^2 

the conductivity increases with increasing Pp. characteristic 

^2 

of P-type conduction related to s ooichiometric excess of oxy- 
gen. Mn-doped BaTiO^ has important applications in that 
they can he used as a dielectric material, in producing low 

cost multilayer capacitors by sintering in a low Pp, atmos- 

U2 

phere, ¥ith this idea in mind Hagemann’s studies on the 

electrical properties of tin-doped BaTiO^ ceramic (19) revealed 

that the regime of high conductivity is shifted to lower 

partial pressures of oxygen by acceptors such as Mn i.e. 

only the tin-doped samples are ins^ulating whereas imdoped 

BaTiO^ exhibits relatively high conductivity after annealVi^^j 

in low Pn at 1100°C. Also his work on the electrical con- 
^2 

ductivity as a function of the annealing temperature showed 
that there exists a threshold temperature for the transition 
from lo'ir to high conductivity (which depends critically on 
the ratio of oxygen vacancy donors to I'In acceptors) and this 
threshold is shifted to higher temperatures as the acceptor 
concentration or the oxygen partial pressure is increased, 
Desu’s work on the electrical resistivity of Mn- 
doped BaTiOj (20) revealed the following: (i) the resisti- 
vity at any temperature was found to decrease with Mn content 
for the compositions with Ba/Pi ratio 1.0/0,98, l,0/l.0 and 
1.0/1.02 which were sintered in air and measured in air. 



Similar results were obtained for samples sintered in oxygen 
and purified argon (this indicates that acceptors are more 
or less fiilly ionized). Samples which were prepared from 
oxalate method did not show any regular behaviour like 
samples prepared from BaCO^ and Ti 025 (ii) the atmosphere 
during sintering has been found to affect the resistivity of 
Mh-doped BaTiO^ samples with Ba/Ti ratio 1.0/0,985 (iii) at 
a given temperatxire and tin concentration, the resistivity 
increases with decreasing (as already indicated, this is 

U2 

because the incorporation of I'm extends the p-type behavio'or 
to lower P- at a given temperature or to higher temperatures 

U2 

at a. given Pq )5 (iv) the work on the H 2 annealing at diff- 
erent temperatures (500, 700, 900 and 1100°C) showed that the 
mdoped exhibit a steep decrease of resistivity 

with increasing temperature of H 2 annealing, but the compo- 
sitions doped with Iln, enables BaTiO^ to resist reduction 
in H 2 a-'b temperatiores upto 900°C but not at 1100*^0, Samples 
which were heat treated in less reducing atmosphere such as 
75 per cent 172 25 per cent H 2 (which is sufficient to 

prevent the oxidation of Ni) showed the resistivity which is 
nearly two orders of magnitude higher compared to the 
strong reducing atmosphere. 

The material which is prepared by oxalate method 
does not fit into the model of acceptor doped BaTiO^. Desu 
assumed this is due to the occupation of Mn at both Ba and 
Ti sites. Even thou^ this material does not show any 
regular trend like the compositions which were prepared from 
BaCO^ and Ti02, but the BPE. work (20) showed that the 



distribution of tin is nonuniform when manganese oxides are 
mixed with BaCO^ and Ti 02 , while coprecipitation of manganese 
oxalate with barium titanyl oxalate ensures homogene o^us dis- 
tribution. 

Hagemann's studies on the domain stabilisation and 
loss mechanism in doped BaTiO^ with la. Be and tin (14) showed 
that the permittivity and the loss factor are independent of 
the external Ac field upto the existing threshold field for 

tin and Be doped samples . The threshold field is less than 

—1 —1 
20 7 cm in La doped BaTiO^ and is upto 5000 Y cm in Be or 

Mh doped samples and the threshold field is the measure of the 

domain stabilization. In Mn-doped BaTiO^ the threshold field 

increased by annealing at low partial pressures of oxygen. 

He hypothesised that the domain stabilisation in BaTiO^ 

involves an orientation parallel to Pg of axial defect centres 

which consist of acceptor-type doping ions like Be or Mn and 

neighbouring oxygen vacancies, 

little or no studies have been done to understand 

the Mn-doped BaTiO^ prepared from oxalate method where I&l has 

a chance to occupy both Ba and Ti sites and also the grain 

boundary with variety of oxidation states (+2, +3 and +4) 

dei^ending upon the doping technique and heat treatments in 

different atmospheres. 



1 1 • S MEM'T OF THE PROBLEM 


It is clear from the Chapter I that I4a is a 
preferred additive in the production of Base Metal Electrode 
capacitors. Mn-4op6<i BaTiO^ prepared from BaCO^ and Ti02 
shows the regular trend of dielectric and resistivity 
behaviours whereas the composition prepared from oxalate 
method does not, even though they retained their supremacy 
(good dielectric properties, highest purity, uniformity 
etc.) over the composition prepared from conventional oxide 
technique (6), This clearl37- shows that the doping proce- 

dure has a marked influence on the properties of I'In-doped 

ib 

BaTiO^. ¥e know that when I-Janganesey^substituted at Titanium 
site its efficiency in preventing the reduction of BaTiO^^ 
sintered under reducing conditions is much more compared 
to its occupancy at Barium or grain boundary positions. 

That is one can see the usefulness of Ifc-doped BaTiO^ for 
Bl-ffl technology when most of the I-Ianganese sits at the 
Titaiiiiun site, How the question is how Mn is going to 
prevent the reduction of .BaTiO^ sintered in reducing atmo- 
sphere when this composition prepared from oxalate method 
and the mechanism by which Mn will accomplish this role. 

The present work is undertaken basically to address these 
problems . 

More specifically, the aims of the present inves- 


ti^tions are s 



(i) To study the Mn-doped BaTiO^ prepared hy oxalate 
method (when Ifenganese added to the Barium and 
Titanyl solutions and then precipitated as I^h-doped 
ETO) in order to understand . the role of i'In 
in this material. 

(ii) To attempt to develop a reasonably good dielectric 
composition by studying the role of Iln when pre- 
cipitating along with the Barium Titanyl oxalates . 

(iii) To investigate the influence of Mn on the decom- 
position of Barium Titanyl oxalates by simultaneous 
DTA and TGA studies. Also the influence of on 
the tnfra-red spectra of the Barium Titanyl oxa- 
lates or in other words, detecting the Mn accep- 
tance by the compound BTC 'by using IR technique, 

(iv) To study the loss mechanism and domain stabili- 
zation in the I^n-doped BaTiO^ by sintering them 
in air, purified argon (low partial pressure of 
oxygen) and oxygen? annealing the air sintered 
samples in purified argon? annealing and quenching 
in air^ prj^ified argon and oxygen? and measuring 
their permittivity and loss factor variation with 
external ac field and measuring the change of 
loss factor with frequency. 

(v) To investigate the electrical resistivity beha- 
viour of the ]>1h-doped BaTiO^ with the application 
of BtlB disk and multilayer capacitors in mind by 



(a) annealing the material in hydrogen over a 
wide range of teirperat lores; 

(b.) annealing and quenching the material from 
llOO^C in the various partial pressures of 
oxygen (Pq ); and 

(c) the behaviour of the nickel electroded capa- 
citors . 

And to study the resistivity of the samples with temperature 
in air atmosphere. 



III. MpRIM BMlAL IBCHHIQUES 


III .1 . SAIEPLE PBEPAB ATIOH s 

I II . 1 . 1 . Raw I-dateri als s 

Raw materials iised for the sample preparation 
are Barium chloride dihydrate, oxalic acid dihydrate (Sara- 
hhai Chemicals, India), Titanium tetrachloride and I'langanese 
carbonate (Reidel de Haven, Germany). All the chemicals 
ai'e A.R. grade and moi'e than 99.5 percent purity. Either 
pure distilled water or deionized water is used to make 
the Barium chloride and oxalic acid solutions. 

By using BTA and TGA, the amount of hydrate present 
in MnCO, was foimd out (&t 125^0) and the observed 
wei gh t loss was compensated while making the compositions. 
Manganese was added either in the form of MhCO^ or in the 
form of MnGl 2 . MhCl^ was prepared from MhCO^, by the 
following reactions 

I&CO^ + 2HC1 MnGl2 + H 2 O + CO 2 (lll.l) 

111,1,2, Preparation of Mh- d oped and Undoped Barium 
Titanvl Oxalates (BTOl s 

Depending upon the preparatory way theSe are 
three different groups in the preparation of the Mn-doped 


BTO 



GROUP Is 


I'dangaa ous cliloride solution was added to the 
Barivm and litanyl solutions and then Barium Titanyl 
oxalate doped with manganese was prepared. Two different 
compositions were made depending upon the manganese concen- 
tration. 

BTO(B)s Concentration of Ma is 1 mol percent and 1 mol 
percent of Ti was removed to facilitate Hn 
doping (Ti, ,,Mh , where ’x’ is the concentration 
of the dopant in mole percent). 

BTO(C): Concentration of tin is 2 mol percent and 2 mol 

percent of Ti was removed. 

In this 1 mol percent harium chloride and 10 mol percent 
oxalic acid were taken in excess of stoichiometric requi- 
rement . 

G ROUP II; 

This group mainly consists of pilot or sample 
compositions to obtain a reasonably good Mn doped BTO. 
Manganese carbonate or manganous chloride was added to the 
oxalic acid solution and then the precipitate was made. 
Three different compositions were made depending upon the 
way of preparation involved. 

BT0(E)s Concentration of Mi is 2 mol percent and 2 mol 
pei’cent of Ti was removed. Uo barium chloride 
excess was taken, Mn added lu the form of 
B&iCO^. 



BTO(P) i Concentration of B-In is 2 mol percent and 2 mol 
percent of Ti was removed. 2 mol percent 
excess of barium chloride was added along with 
MliCO^ to the oxalic acid. 

BTO(G); Concentration of I-In is 2 mol percent and 2 mol 
percent of Ti was removed. 2 mol percent 
excess of barium chloride was added along with 
I'InCl 2 solution to the oxalic acid. 

Ills 

I'jaiiganesc carbonate was added to the oxalic acid 
along with barium chloride j the amouj.it of barium is equal 
to the manganese amount taken for doping. No titanium 
removal was done to facilitate manganese doping. Five 
different compositions were made depending upon the 
manganese concentration. 

BTO(M-j_); Concentration of Iln is 0.2 mol percent. 

BT0(M2)s Concentration of tin is 0.6 mol percent. 

BT0(M^)s Concentration of Mn is 1.0 mol percent. 

BTO(M^); Concentration of Mn is 1.4 mol percent. 

BT0(I'l|-)s Concentration of Ifc is 2,0 mol percent. 

These are the . samples^with good Mh doping into 

the compound BTO. 



piTIipPEI)_ BTO s 

BTO(A) : Concentration of Ma is 0 mole percent. 

The preparation of the BTO was done as follows? 

III. 1.2, a. Gener al Proced'ure of Preparation : 

The general procedure of preparation of 
Barium Titanyl Oxalate (BTO) is that of Clahaugh et al. 

(21) with some changes.- . They are (i) the tita- 

nium tetrachloride solution was made in 1 MHGl solution 
instead of in distilled water, to improve the stability 
towards temperature changes, and (ii) the amount of 
titanium solution taken for analysis of 'Ti' was weighed 
rather than pipetting out> then after dilution of the same , u' 
was precipitated as hydroxides of titanium with ammonium 
hydroxide and then it was heated upto 900 to 1000*^0 and 
weighed as Ti02. Weighing of the solution was preferred 
to pipetting out , since the ©rror involved in the latter 
case is comparatively more due to the viscous nature of 
the titanium tetrachloride solution (6). Pigure III.l 
shows the systems used to transfer and dilute titanium 
tetrachloride solution in 1 NHCl solution, 

A mixed solution of barium chloride and titanium 
tetrachloride is allowed to drip slowly into a hot (80°- 
85 °C) vigorously stirred solution of oxalic acid. The 
apparatus used for this p-urpose is shown in Pigure III, 2, 

The precipitated oxalate was filtered hot, to 
avoid the possibility of a different composition on 




stirrer 






FIG-. III. 2. Apparatus used for the prepa,ration of BIO 


cooling. The precipitate was washed with distilled water 
and finally with acetone. The air dried powders were 
calcined in a muffle furnace at 900°C for 2 hours. To 
remove the chloride ions which may he coprecipitated along 
with the compound, the calcined powders were boiled in hot 
water, filtered and irashod with hot water until the filt- 
rate did not show any pi’ecipitate with silver nitrate 
solution. The precipitate was dried at 150°C in a-noven. 
Table ill.l shows the abbreviation of the calcined comp- 
ositions , 

The powder diffraction patterns of the prepared 
composition were taken by using Philips X-ray diffracto- 
meter to confirm the absence of other phases . No other 
phase except tetragonal BaTiO^ iias been identified. 

111.1,5. Pell e t isat ipn ; 

The calcined powder was mixed with about 4 wt. 
percent of 25 percent polyvinyl acetate (PVA) solution and 
dried. The dried powder was pressed into pellets in a 
12.5 Him or 9 mm diameter steel die under a pressure of 
5 K bar (75,000 psi) which was applied through a hydraulic 
press (Carver laboratory Press, Model B). 

I II . 1 . 4 . • 

During sintering, the pellets of same composi- 
tion were stacked one over the other in a platinum crucible 
with sufficient amount of powder of the same composition 



Tatle III.l 


Abbreviation of the calcined compositions 


■ 'i"" 
! 

Compositions } 

I 

Concentration 

of the dopant 

BaliO^C A) 

0% 

Mn 

BaliO^(B) 

1.0% 

Mn 

BaTiO^CO 

2,0% 

Mn 

BaTiOj(E) 

2.0% 

Mn 

BaTiO^(B) or (G) 

2.0% 

t&i 

BaTiO^(]yi^) 

0.2% 

Mn 

BaTiO^CM^) 

0.6% 

I^n 

BaTiO^CT-I^) 

1.0% 

I4n 

BaTiO^(H^) 

1.4% 

Mn 

BaO}iO^(l'3^ ) 

2.0% 

Mn 



in-between them. Sintering was carried out in a platinum 
tubulai” furnace. Figure III. 3 shows the sketch of the 
platinum furnace and the sintering unit. The furnace was 
maintained at 135 0°G hy the Leeds and Korthrup, Electromaz 
controller which controls ; at the peak temperature, i . 

The sintering unit (i.e. Alxmina tube which 

contains the crucible with samples) has been lowered in 

such a way tliat the rate of heating is of 200°C/hr upto 

1000°C, and 100°C/hr upto the peak temperature. At the 

peak temperature the samples were soaked for 2 hrs . In 

the cooling cycle the tube has been raised such that the 

rate of cooling is lOO°C/hr to 800°C and 200°C/hr • 'to 

the room temperature. Pt/Pt-10 percent Bh thermocouple 

is used which is placed near the crucible containing the 

samples through the brass flange. The atmosphere in the 

furnace is also maintained depending on the requirement 

(Air, Oxygen and Argon, specified against each sample in 

Results) with the help of the Brass fittings and Flanges 

to the Altunina tube. The oxygen gas is passed throughout 

the sintering schedule at a rate roughly equal to 100 cc 

per minute. Dried Argon (UHP) gas is passed throughout 

the sintering schedu.le at a constant rate by using a 

calibrated Flow meter such that tho partial pressure of 

—12 

oxygen is = 10 atm. was maintained. Sintering in 
^2 

H 2 was done in a Globar tubular furnace attached with a 
programmable controller. Dry gas was passed throughout 
the sintering schedulo at a rate of 60 cc per minute. 



Gas inlet 
Gas outlet 



Fig. IIL3. Sketch of the Platinum furnoc 





In H 2 sintering a alumina boat is used as a sample container 
III . 1 .5 . Elect rodi n g: s 

Different t^j'pes of electroding was done for diff- 
erent studies. Ill all cases the sintered samples were 
ground and polished over dhfferent grades of Silicon carbide 
powder to remove surface contamination as well as to obtain 
flat and pai’allel surfaces. Then the surface was cleaned 
with acetone. 

Eor the capacitance and dissipation factor measure- 
ments with temperatu^re , AC amplitude, and for the resisti- 
vity at room temperature the electroding of the samples was 
done with air-dry silver paint (obtained from N.P.I., Delhi) 
Coaxial identical round patch of electrodes were made on 
both the surfaces (disc/disc configuration), For the resis- 
tivity measurements with temperature , thin coating of \in- 
fluxed black platinum paste (Engelhard No, 6926) was applied 
and baked at 900°C in air for two hours. This was repeated 
2 to 3 times to obtain a proper electrode. 

Samples which are heat treated in the strong 
redLicing atmosphere at higher temperatures (and hence their 
resistivitjr down to 10^’ ohm-cm) were electroded with 
Indium Amalgam to get good ohmic contact (22). Indium W«.>5 
wetted with Merc^^ry and it was rubbed on the surface. 

To study the behaviour of the Nickel electroded 
samples, finely divided (20 pm) Nickel powder (SISCO 
Metals, India) dispersed with PYA and made into the paste 



form. Then it was coated on the cleaned siirfaces of the 
sample and hahed at 900°C for one hour in a reducing atmos- 
phere to obtain a good ohmic contact. 

Ill . 2 . s 

111.2,1. Thejmml, An alysis s 

The DTA, DTGr and TGA studies (simultaneously) of 
the Barium Titanyl Oxalate, pure and doped with J-fn were 
done on MOM Derivatograph. The instrument parameters are 
given in Table III. 2. 


Table I II. 2 

Instrument parameters of derivatograph 


1 . 

Heating ratio 

lO°C/min 



2 . 

Reference sample 

AI 2 O 3 



3. 

Sensitivity of DTA 

1/10 and 

1/5 



DTG 

1/10 and 

1/5 


4. 

tiaximum temperature upto 
which it was run 

1000°C 



5. 

Amount of the sample 

500 mg and 1000 

mg 

6 . 

Weight loss scaJ.c 

500 mg and 1000 

mg. 

Ill 

.2,2. IB. Studies % 





The infrared spectras of Barium titanyl 
oxalates, undoped and doped with different Mn. concentra- 
tions and calcined powders of these compositions were 
taken on a Perkin-Blmer-580 spectrometer. The spectras 



were run from 4000 cm ^ to 400 cm The sample is made 
into a pellet with KBr. 

111.2,3. Analys i s_ ; 

X'-ro.y diffiBction po^rder patterns of the calcined 
compositions were taken with Philips Z-ray Diffractometer, 
fixing the instrument parameters given in Table I II, 3. 


Instrument parameters for Z- 
Radiation 

Excitation voltage 
Z~ray current 
Beam slit 
Scanning speed 
Cliart speed 
Time constant 


ay diffraction studies 
CuZ 

a 

30 K7 
20 mA 
2 ° 

2°/min and 0.2°/min 
2 ”/ 2 iin and 2!” /min 
2-4 sec. 


Table I II. 3 


I II . 2 . 4 . Es tj.m^t ijDii _p^_Ba 7 lTi, Rati p„ - Oh emical Analysis t 

The essential procedure is similar to that of 
Clabaugh et al, (21, 25, 6). The preparation of BaTiO^ 
is from BTO, so in the case of pure BaTiO^, it is nece- 
ssary to check ^tlie Ti to Ba mole ratio ^s unity and in 
the case of l-In-doped BaTiO^, since Fin is expected to occupy 
the Ti site, to know the respective Ti to Ba ratio that 
depends upon the dopant concentration. Care has been taken 



for the interference of Mh «rith fi or Ba values. Appendix 
I describes the experimental procedure of this method. 

111.2.5. Bull^ Densi t y Measurement s ; 

Density measurements were done by the water 
disj)lacement method. The dried pellets were weighed (D) 
in a Mettler single pan, electric balance (accuracy 0.0001 
gm) . 

The pellets were boiled in distilled water for 5-6 
hours and soaked for 24 hours. The water suspended weight 
(S) and water saturated weight (¥ ) were determined. The 
bulk density was evaluated using the expression . 

1 1 1 . 2 . 6 . Tem pera ture Depend ence pf_ the^Di^lej) t ri jc 

Dielectric properties, capacitance and dissi- 
pation factor were measured by using GR-1620-A capacitance 
bridge assembly. The measuring frequency was 1 EHz at 0.4 V. 

A variable temperature sample holder (25) with an 
access to three samples used for the temperature dependence 
of the dielectric properties is shown in Figure III. 4. The 
essential parts are the two electrodes, for the sake of 
simplicity, with associated connections and insulations 
built in on all metal tmit. The low potential electrode 
is l/8 in. thick brass plate of diameter, 1,6 in, common 
to all the three samples. The brass plate is held rigidly 
by a support rod which is welded into the base plate at 
one end and the other end passes through the central hole 



jiawr\ 




specimen 


Fig. ni.4 Sample holder for high temperature 
dielectric measurements 


with top brass lid and is clamped by means of araldite. 

The hi^ potential leads are made up of thick copper wire 
insulated from outside in a glass tube over which a grounded 
metal sheath is woimd. This lead assembly is again insu- 
lated in a bigger quartz tube. A spring loaded arrangement 
presses these leads on the base plate which can be raised 
a bit to keep the specimens in position. The lower end of 
the wire is made into a bead to give proper contact on the 
electrode while the other end soldered to a positional 
plug of a three position switch. The above assembly is 
inserted in a thin walled stainless steel tube, 2 in. in 
diameter and 18 in, in length. The panel carrying the 
connector, the jack and the switch are firmly attached to 
the top lid. 

The Sample holder could be inserted into a small 
kanthal furnace. The heating rate (l°/min) was regulated 
manually by a variable autotransformer. The temperature 
was measured by a chromel-alumel thermocouple with a 
Eubicon potentiometer (+0.2°C). 

111.2,7. ^ Amnlitud o and Frequency D enend ence of the 

Pie\e_cigrijq Pro pert ies s 

The ac amplitude dependence of the dielectric 
measurements were carried out in a sample holder which 
was described in the Section III. 2. 6. By using the GR 
1620-A, the range of the ac amplitude from 0.1 Y to 100 V 
(open circuit voltage) was covered at constant frequency 
f = 1 Kliz. The frequency dependence of the loss factor 



was carried out in the same sample holder and the frequency 
2 5 

ran£,e from 10 Hz to 10 Hz was covered by using the GR 
1620-A sot“Up, 

I II . 2 . 8 , ra_tur e_ Dcioendonc e of the Electri cal 

RpsistjjTajoj^ in Air Atmospher e ; 

I'or resistivity measurements , the electroded 
specimens were placed in the sample holder schematically 
shown in Figure III, 5. The sample holder consists of a 5 cm 
diameter recrystallized alumina tube as its outer envelop, 
which is fixed to a lower part of a brass flange with sili- 
cone adhesive. The specimens were kept at the bottom of the 
smaller diameter recrystallized alumina tube which was 
fitted to the upper part of the flange, throiigh removable 
stainless steel fixtures. At the bottom end of the inner 
alumina tube, a portion of side wall was cut to facilitate 
loading and removal of specimens. To keep the specimens in 
position as well as for better electrical contact, they 
were pressed throiagh a l/4 in, diameter r eery stalli zed 
alumina rod and a spring loading arrangement near the top 
of the holder. In this specimen holder resistance of 
three sauiples can bo moasured simultaneously. All the 
platinum lead wires and thermocouples were insulated from 
each other by taking the wires through recrj'-stallized 
alumina thermocouple sheaths in hot zone and through teflon 
insulation in colder zone. Two platinum leads vrere atta- 
ched to each surface of the specimen so that two probe as 
well as four probe measurement could be done with the same 
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set up. In the specimen holder ’0’ ring seals were used 

between the two parts of the brass flanges and the ^s 

inlet (air is the atmosphere in the present study) was 

through an alumina thermocouple sheath. 

The DC conductivity of specimens (by two probe 

method) was measured with an impedence bridge (General 

6 

xtadio I 65 O-A) upto 10 ohm and at higher ranges (that is 

8 

upto resistance 10 ohm) mega ohm bridge (General Hadio) 
was used. 

The specimen holder was heated in a globar furnace 
and temperature was controlled within +0,5°C by a Leeds and 
Northrup Slectromax typo temperature controller in circuit 
with a auto transformer. The exact temperature of the spec- 
imen was measured by a Pt/Pt-10 percent Eh thermocouple kept 
very close to the specimen and BIIF was measured by Leeds and 
Borthrup K-3 potentiometer, 

111,2,9. Amiealin A Studie s of the S a mpl es ; 

111.2,9.1. irnealinfi. in s 

To got the correct composition of BaTiO^ doped 
with Yin which can be electroded with hickel, BaTiO^ doped 
with different concentrations of Mn were annealed in H 2 
for 10 min, at different temi^erattires in a tubiilar kanthal 
furnace. The flow rate of gas was 60 cc/soc. 



111,2,9.2. Az^aJ-inS. Vari ous P ar tial Pressu res __of 
Oxyge n ( Pp ^ ) at 1100 OQ s 
^2 

With the application for multilayer capacitors 

in mind, in order to prevent the oxidation of Wi in a given 

partial pressure of oxygen at 1100 °G, BafiO, doped with 

difioreiit concentrations of JIa were annealedy^in various Pq^ 

atm, hy using Argon-Oxygen mixture. Figure III. 6 shows the 

general o^itlay of the system used to treat the samples in 

different P^ atm. Dry IHP argon was used. Ihe sample 
^2 

holder used for this piorpose was described in the Section 


III. 2. 8 



Capillary tube 
2 mm dia 


Oi 

x: 




rig. III. 6 . General outlay of the system used to treat the samples at 


re sults and discu ss I oh 


IV.l. Ifo-DOPBD COMPOSITION OF GROUP I AICD IMLOPED BaTiO^ 

BY OXALATE IfB T HOD ; ^ 

As discussed in the Introduction, ' - . the previoiis 
work showed that the BaTiO^ doped with I'ki hy the oxalate 
method of Group I, does not show any regular behaviour ' 

This necessiated the careful study of these materials. 

17. 1.1. Thermal Analysis and Infrared Study ; 

17.1.1.1. Thermal An alysis ; 

Table 17.1 shows the peak positions in DTA 
(Pigvire 17.1) of undoped and Mh-doped barium titanyl oxa- 
lates, The peak arovind 95'<^can be attributed to the initial 
water 'losses , and the complete dehydration has been seen 
around 160*^0 . The peaks at 245^C! and 365 °C can be attribu- 
ted to initial low temperattire oxalate and main oxalate 
decompositions respectively. The final decomposition 
BaTiO^ showed up around 790°G as a peak in BTA. 

The weight losses observed, in different ranges 
of temperatures are tabulated in the Table 17.2, 

Pive major schemes have been proposed for the 
decomposition of BTO (26-30) most of which are contradic- 
tory and inconclusive. It was also argued (31) that the 
differences may be due to the differences of Ba/Ti ratio 
of the samples. The schemes are listed below. In all the 



Table IV.l 


Peak positions in DTA of nndoped and Mn-doped 
barium titanyl oxalates 


Composition 

f 

! 

! 

1 

Peak positions. 

'°c‘'" 



i I 

1 

II 

III 

IV 

V 

BTO(A) 

95 

160 

245 

365 

790 

BTO(B) 

95 

165 

250 

365 

785 

BTO(C) 

80 

160 

240 

ic 

795 

* Because of the 

low resolution 

it may 

not be visible. 



Table 

IY.2 





Comparison of weight losses of BTO, observed and calculated 


' 

Decomposition 

I 

t 

Calculated } 
weight loss | 

(%) ; 

1 

Observed 
weight loss 
i%) 

1 

1 

J Temperature 

i (°c) 

1 

f. ^ . 

Dehydration of BTO 22.24 

and low temperature 
decomposition of BTO 

20.25 

About 250°C 

Main oxalate 
decomposition 

18.69 

19.50 

About 400°C 

Pinal decomposi- 
tion to BaTiO^ 

3 

07.11 

06.75 

About 800 °C 

Total weight loss 
in percent 

48.09 

46.50 

- 







schemes, dehydration step is common though the temperat'ure 
varied from 30 to 300°C . 


BaI'i0(C20^)2-*4H20 BaTi0(C20^)2 + 4 H 2 O 


(IV.I) 


1 . Scheme A ; 


670°C ^ .-P Tin ^lO^C 

”200 ^ 


Baa}i0(C20^)2 BaTiOCC^O^) 


BafiO 


5(2) 


BafiC^CcOg 


(IV.2) 


2 . Scheme B s 


BaTi0(C20^)2 BaTiO, 


600-800^0 


-0, 


■> BaTiO 


5 

(IV. 5) 


3 . S cheme C 


BaTlOCOgO^)^ BaTlOCO^O^) 


BaliO^(CO) BaTiO 


3(1) ®^^^S(2) 

(IV. 4) 


4 . Scheme D % 


BaTi0(C20^)2 + I O2 -^ ^5 . r . 463 . . 0, ^^ BaCO^ + liO^ 

-2GO2 

„.A 6 5rgQ 0 !Q.,..> BaliO^ 


(IV. 5) 



5 . Scheme E s 


2BaTi0(C20^)2 ®^2’^i2°2^°2°4^3°°3 


250=.42PV,, 5 li 0 00 (00 ) . .4 5P-:6PP°S . 

- 2 CO 2 " -00^ 


3.2.^205003 


2BaTiO, 


(IV.6) 


The step BaTiO^^^^ ■— ^ BaTi0^^2) Schemes A and 

C represent the ordering process . 

After analysing and observing the nature of the 
DTA and TGA, the following scheme has been proposed to 
calculate the weight losses of the present sample: 


BaI10(0204)2-4H20 BaliOCC^O^) -CO^ 'I 0^ 

BaTiO-202 BaTiO^ (IV. 7) 

The weight losses calculated according to the eqn, 
(IV, 7) is summarized in the Table IV. 2. The weight losses 
observed in different ranges of temperat’ures are nearly 
comparable to the calculated values. The slight discre- 
pancy in the weight loss involving the dehydration of BTO 
may be attributed to the slightly less amount of hydrate 
molecules attached with the compound compared to the 
actual tetrahydrate taken for the calculation. 

There is hardly any variation of the various peak 
temperatures with Mn. concentration at least upto 1 mol 



percent, tlien there is a sli^t reduction in the peak 
tenperatures at 2 aol percent of I'ln^ So there is very 
little effect of tSa on the decomposition of BTO. 

IV.l .1 . 2. I^SJudhes_; 

Bigure IV, 2 shows the IR spectra of the compound, 
5T0(A) and BTO(G) respectively. The absorption peaks from 

4000 cm ^ to approximately 1600 cm ^ are due to the 0-H 

—1 —1 
molecules, from 1600 cm to approximately SOO cm are 

due to the 0-0 molecules and the cation molecule (Ti-0 and 

Ba-0) peaks will be observed below 900 cm~^. Since the 

positions of the peaks of Ti and Ba in BaTi0(C20^)2‘4H20 

depend upon their reduced mass and force constant, so Ti 

peaks will start to appear first compared to the peaks of 

Ba, If the Mn expected to form the compound along with Ba, 

it is natural to expect the disturbance of the Ti peak, but 

this depends upon the I^Ih concentration, IR is a powerful 

teclmiq.ue to identify the impurities in the original compound 

matrix. Prom the figure IV, 2, it is clear that there is 

no shift in an 3 '' peak due to the Ifei doping. This obviously 

shows that Mn is onlsr coprecipitated along with barium 

ti tan. 3^1 oxalate and it did not occupy some of the Ti sites 

in BTOj otherwise one would have observed a shift in the 

peak at 507 cm“^. 






17,1,2. Olien ical a n X-ray Studies i 


IV. 1.2,1, Ch emi ca l Analysis ; 

The Ba/Ti ratio of the undoped and lyfn-doped 
samples are listed below. 


Samnle 

Ba/Ti 

BaTiO^(A) 

o' 

o 

« 

H 

BaTiO^(B ) 

o.ss 

BaTiO^(C) 

0.3? 


IV, 1.2, 2. X-yay. S tudy ; 

The X-ray powder pattern of these samples did 
not show any other phase except the reqihLred tetragonal 
phase , There was no discrepancy between the Mn. doped and 
undoped BaTiO^. 

I V . 1 , 3 . Temjoe ratjiiro aiiB^ AO Amplitude Dependence of th e 
Si e le^^ ic Pr one'rties ; 

Doping of lin at Ti site in the BaTiO^ lattice 
mainly (i) inhibits the reduction of BaTiO^ in the reduc/ng 
atmosphere by Mn acquiring the lower oxidation state and 
(ii) stabilizes the domain in the applied ac field by TM-V^ 
alignment preferably parallel to the spontaneous polari- 
sation (14). In addition, increased amount of Mn in the 
BaTiO^ lattice lowers the permittivity of the material and 
also affects the Curie point. 



IV, 1,3.1. len perat ure p ej)ende nce t 

lalle IV, 3 shows the dielectric properties of 
■undoped and I^’In-doped BaliO^. The dielectric constant value, 
in the case of conventional method of preparation (6) decre- 
ases with increasing Ifc addition whereas in the case of 
oxalate method, the 1 percent I'ln. added sample shows a slig- 
htly higher value compared to 0 and 2 percent. There is no 
remarkable reduction in Curie tempex'ature of the Dfci-doped 

samples prepared : . the oxalate method. Figure IV. 3 shows 

N 

the vai’iation of the dielectric constant with temperat-ure , 
There is hardly ans^ change in the temperat\ire coefficient of 
the dielectric constant of the p'ure and doped samples. But 
it was shown earlier (32) that the presence of oxygen vaca- 
ncies will greatly reduce the Curie temperature of undoped 
BaTiO^ by 40 to 50°C for every 10^^ oxygen vacancies/cm^. 
From this fact one can infer that addition of acceptors to 
BaTiO- lattice should decrease the Curie temperature , and 
the decrease should be proportional to their concentration, 
because acceptors when present in BaTiO^ lattice will give 
rise oxygen ■vacancies for charge compensation (Sq. IV, 8) (6). 



(IV. 8) 



Table I¥.3 

Dielectric properties of I'&.-dopod and undopcd BaTiO^ 


Dosu 


Composition I \ 

! 

Ml K tanS T I il 


II 


tan6 



Present work 


I 


tan6 T Change in 
dielectric 
constant with 
500 Y/om ac 
amplitude 

AK j% 

I 


0 

1 

2 


2500 0.013 120 
6400 0.016 116 
4800 0.023 115 


IS 80 0.126 123 
1550 0.120 120 
1300 0.104 118 


4000 0.049 122 
6700 0.019 120 
6000 0.015 119 


1500 37.5% 
1000 14.9’ % 
750 12.5% 


I ; BaTiO^ and i-lh-dopod BaTiO^ prepared from oxalate j I4n 

added to the Ba and I’i solutions and then precipitated 
as Im-dopcd barium titanyl oxalate - 

Desu s Sintered at 1300°C for 120 minutes. 

Present works Sintered at 1300°C for 60 minutes. 

All the dielectric values are poi’osity corrected. 

II t BaTiO^ and J'In-doped BaTiO^ prepared from BaCO^ + Ti02ii 
Ba/Tis 1.0/0,98. Sintered at 1300°C for 60 minutes. 



Dielectric constanTlKl x TD 


Sintered 

CO 

o 

o 

o 

O 

2 hr, air 


% 

Mn 


▲ 

0 ; 

BaTi 03 

(A) 

• 

1 : 

BaTiOa 

(B) 

0 

2 : 

BaliOs 

(C) 


Temperature , C 


Variation of the dielectric constant with 
temperature. 





One can classify tlio acceptors into two types depending on 
their action on C^ 1 rie point of BafiO^. (l) fhe acceptors 
which cannot change their oxidation state (1% , Ni ... 
etc.) in which case the Curie point will be a function of 
only the acceptor concentration, (2) The acceptors which 
can cliange their oxidation state (e.g., , Co ... 

etc.). In this case the Curie point of BaTiO^ will be a 
function of not only the acceptor concentration but also the 
heat treatment which the sample has undergone. Por example;, 
consider the case of at Ti^'*'. It forms oxygen vaca- 

ncies in BaTiO^ lattice for charge compensation, thus 
decreasing the C-orie point, When this material was treated 
in reducing atmospheres I-In''^ goes to Tin accordin^y. 


Ba Ti"^"^ 0 


reduction 


Ba[Ti^_2x ^i2x^®3-z: 


.3+- 


X 

2 


0 , 


(IV.9) 






B Ja P - a oP. ^ I&l-") X 


(lY.lO) 


produces a further number of oxygen vacancies and thus decr- 
eases the, Curie point of BaTiO, still further, 

I V . 1 , 3 , 2 . AC,, Afflpli tud ®. . • 


The samples of the present work were studied 
under ac field (Table 17.3). Prom the table it is clear 
that the change in permittivity with increasing field, 
decreases with increasing Mn concentration. 



Figxires IV. 4 and IV. 5 show the ac behaviovir of pure 
and Mn -doped BaTiO^. The measurement has been done on the 
sintered, well-aged samples. The way the permittivity and 
the loss factor of the Mn -doped BaTiO^ behaves with the ampli- 
tude of the external ac field is almost similar to that of the 
p\are BaTi 02 . 

JV.1.4. Discussion ; 

Generally the doping of acceptors (Fe or Mn) into 
BaTiO^ lattice reduces the room temperature permittivity, 
decreases the Curie transition point, suppresses the Cvirie 
peak, etc. with respect to the pure BaTiO^. These are mainly 
due to the existing oxygen vacancy concentration and the way 
©2 vacancies were distributed within the lattice. The doping 
of a trivalent ion act Ti'^'^ site should produce the oxygen 
vacancies, and this will increase with increasing concentra- 
tion of the trivalent ion at Ti'^'^ site. In general, doping 
of Mn at Ti site will reduce the permittivity and doping of 
La at Ba site will increase the permittivity, because the 
former will increase and the latter will reduce the existing 
oxygen vacancy concentration in the BaTiO^ lattice. 

The result of the present samples indicates, that, 
doping of Mn in this way into BaTiO^-r did not either decrease 
the Curie point or suppress the Curie peak. Moreover, the 
permittivity of the doped samples are quite high compared to 
that of ptire BaTiO^. Compared to 1 mol per cent and Z. mol 
per cent samples, 2 mol per cent Mn doped BaTi 03 showing the 
decrease in permittivity. The loss factor, in general. 




E-(V crn’) 


Fig. Dependence of € on the amplitude of the 

external AC field below for different 
concentrations of Mn doping. Measured at 
T : 28 °C and f =1 KHz, Well aged 
sintered samples . 



tan 



Fig. IV. 5. Dependence of the loss factor ton 6 on 
the amplitude of the external AC field 
below Tq for different concentrations of 
Mn doping. Measured at T = 28®C and 
f = 1 KHz. Welt aged sintered samples. 




decreases with increasing Mn concentration/ in the present 
investigation. The dependence of the permittivity with the 
amplitude of the external ac field decreases with increasing 
concentration of Mn. All these results show that the present 
Mn-doped BaTiO^ is having a mixed behaviour. 

Doping of Mn in the Barium Titanyl Oxalates is having 
a little or no effect on the deconposition of the BTO. There 
is a development of slight bending around 600 °C on the DTA of 
doped sanples (Figure IV. 1). Similarly, doping of Mn in the 
Barium Titanyl Oxalate does not produce any change in the IR 
spectra of BTOs. So in the present case, the influence of 
the dopant Mn on the Barixm Titanyl Oxalates is negligibly 
small . 

The large value in permittivity, which comes either 
due to the occupation of Mn along the grain boundaries and 
hence it might have inhibited the normal grain growth that 
occurs during sintering stage, or due to the tri valent Mn 
occupation at Ba site; but the occupation of the most of the 
Mn at Ti site is the reqxiirement of the acceptor doped 
material. 

It was decided to have a look, on the preparatory 
doping technique; and simultaneously carry out the investiga- 
tion on the present samples too. The reason to probe the 
doping of Mn in the BTO is due to a careful observation of 
the precipitate formation: in the Mn-doped case the formation 
of the precipitate was delayed cortpared to the undoped case. 
Moreover the careful observation shows that the precipitate 



is forming with some difficulty involved in their own system. 

Unlike the conventional method, the doping or 
substituting the foreign element in this oxalate method is 
rather complex, because it is a precipitating technique. 

This will be much more complicated when (i) the dopant concen- 
tration is small and (ii) the dopant cation is unstable in the 
presence of barium and titanyl oxalates. This necessiated a 
careful study of the role of Mn while it is precipitated 
with BTO . 

To proceed further, a working hypothesis has been 
assumed, in the following way: when Mn added to the barium 
titanyl solution and hence formed the Mn -doped BTO the chance 
for Mn to form its oxalate along with barium titanyl oxalate 
is small; and mostly it settles down on the BTO precipitate. 

It is only the assumption based on the observation, to 
"zeroed in" in the development of the dcping technique. 

IV. 2. DEVELOPMENT OF THE Mn-DOPED COMPOSITION : 

IV. 2.1. Developmental Ideas and Their Influence on the 

Mn -doped Compositions : 

The points involved in the development process 
(23,33) are, compared to the undoped case, when Mn-added 
barium titanyl solution was tried to be precipitated, the 
careful observation of the experiment showed that although 
the experiment running similar to that of undoped case but 
in the doped case, the formation of the precipitate was 
slightly delayed. This indirectly tells that the presence 
of Mn is disturbing the other cation oxalates or vice versa. 



So to evolve a reasonably doped composition/ three different 
pilot experiments were done. 

Neither the concentrations of barium and titanium 
was changed nor any external catalyst was used. The temper- 
ature of the formation was maintained similar to that of 
undoped case. 



IV. 2,1,1, Basl^ , Result; and the Di scuss ion of 

Bzpe r imeiits : 

In the first pilot experiment, since the amount 
of I^ln is negligible and ISa is not very stable in the presence 
of other oxalates , instead of adding to barium and titanium 
solutions, Mh was added to the oxalic acid solution and i-Sa- 
doped compound was precipitated. The idea which was used 
in this experiment; After forming barium oxalate in the pre- 
sense of excess of oxalic acid, tin Was added in drops to see 
the possibility of barium manganese oxalate formation. It 
was observed that the barium oxalate started to disappear. 
This means there exists a reaction between Mh and the 
oxalate ion. This explains why the delay was observed in 
the precipitation of Mh-doped BTO of earlier experiments. 

To proceed further one may advance a hypothesis; from the 
above experiment we will assume that there exists a reaction 
between Im and oxalate ion and prob£M:>fv Mn is getting 
reduced, the question is how is it possible for Mn to form 
j ts oxalate if it is present in this reduced condition. 

If we go back to the earlier Mn-doped BTO experiments one 
can see that Mi was accepted to some extent by the compound. 
This means, is thei-e any more reaction occurring in the 
solution in order to oxidise the Mn to form its oxalate. 

To gain further understanding, the oxalic acid 
solution which contains barium ion and reduced Mn ion was 
taken back, and TiCl^ solution was added drop by drop into 
this Solution, It was observed, immediately after TiCl^ 



drop touches the solution, there forms a intense change in 
the colour of the solution from clear to reddish hroun and 
a precipitate settles down. The precipitate was reddish 
brown against a bachgroxmd of a white matrix. It is clear 
that there exists a reaction between TiCl^ solution and the 
I'M ion, preferably reduced IM ion. This was the basis for 
the first pilot experiment. Differential thermal analysis 
was done on this sample (Figure IV, 6) and Table IV, 4 shows 
its peak temperature. In this case also there is hardly 
any effect of IM on the decomposition of BTO. 

The IE spectra of the compound was taken to see 
the influence of IM in this compound with respect to the 
pure barium titanyl oxalate. Figure IV. 7 shows the IE 
spectra, of BTO(A) and BTO(E). 

If we refer the Figure IV. 7, the band which is due 
to the titanium molecule has been shifted to higher frequ- 
oncy, 520 cm”^, compared to the undoped case, 507 cm 
Firstly it shows tliat the manganese has been accepted within 
the compound, as required in the titanium site, and 
secondly, the higher frequency shift of the peak tells that 
Mn which get into the BTO compound is having the oxidation 
state higher than the +2 state in which it was doped, 
since Mn is heavier than Ti, so one has to expect the shift 


to lower frequency. 



(f) BTO(E) 2 Vo Mn 
( 2 ) BTO(F) 2VoMn 
Q) BTO (G) ■ 2 % Mn 




Table 17 . 4 


Peak position in DTA of tindoped and tin-doped 
barium titanyl oxalates 


Compositions 

? 

? 

1 

! 

f 

{ I 
? 

Peak 

II 

positions, °C 

III 17 

7 

t 

! 

J Additional peak, 

i °c 

! 
t 

BTO(A) s 0% Iti 

95 

160 

245 

365 

790 

- 

BT0(C)s 2% tin 

80 

160 

240 

X 

795 

- 

BT0(E)s 2% Mn 

95 

175 

X 

370 

775 

- 

BTO(F); 2% Mn 

X 

140 

205 

320 

695 

600 

BT0(G)2 2% Mh 

X 

140 

205 

320 

695 

600 




Table 

IV.5 




Chemical analysis - Ti/Ba ratio 


Sample \ Ratio of Ti to Ba 

BaTiOjCB) 

BaOIiO^^CP ) 

BaTiO'^(G) 


I 


0.95 
0.98 
0.97 ' 



Bs’’ uiJing X-ray diffraction pattern, the tetrago— 
nality of the BafiO^ was checked. In this, the tetragonal 
splitting was not satisfactory and the chemical analysis, 
lahle IV, 5, shows that more than 2 percent of I^in was accep- 
ted by the compound, since we took only 2 percent of 1% to 
dope. In the preparation of this compound, Ba was taken 
only stoichiometric req.uirement and Ti moles was removed by 
2 percent in order to facilitate f&i doping. In analysing 
these facts, if there exists the reaction between 1% and the 
oxalate ion, then, when Ba and Ti solution touches the 
oxalic acid, Iki will spoil the titanium oxalate also, since 
we already removed the 2 percent of titanium. 

The second pilot experiment was done to tackle 
this problem. The principle of this experiment is similar 
to that of the first pilot experiment, and Ba was added to 
the oxalic acid, the amount which is eq'ual to the amount of 
I'iii addition and then Ti was kept the same ' ' a,s required 
for stoichiometric requirement. Figure IV, 8 shows, its IE. 
spectra and Figure IV, 6 shows its DTA. Table IV, 5 shows its 
chemical analysis . 

X-ray pattern was taken. The tetragonal splitting 
was clear, and only the tetragonal phase was detected. 

The chemical analysis was satisfactory and IE spectra shows 
Ifc did get accepted by the compound. The third pilot expe- 
riment waS the same as the second pilot experiment, but 
only the different form of Mn (I-kiClg) was added to the 





oxalic acid solution. Its chemical analysis showed expected 
result and in the X-ray pattern only tetragonal phase was 
observed. 

In the case of BTOCl) and BTO(G-), the peak posi- 
tion has got decreased to lower temperatures compared to the 
BTO(A) . There was also an additional peak at 600°C. This 
can be attributed to the transformation of Mh oxalate group 
to the Ma 2^3 (generally Mn^O^ phase will appear above 
500°C). Also the enthalpy change of the peaks, particularly 
the one which is due to the main oxalate decomposition 
(around 320 °C) has got decreased. 

Figure IV. 9 shows the IB spectra.' of BaTiO^(A), 
BaTi02(C) and BaTiOj(F). In this, there is no change in 
the peak positions. In the case of the IB spectra of 
BTO(B) and BTO(P), as discussed earlier, the shift of the 
Ti peaJi: is to the higher frequency compared to the BTO(A) 
spectra. This indirectly tells that the complex in which 
Iti precipitated with BTO is having higher force constant, 
since the concentration of Hh is only 2 mol percent. This 
proves the successful use of IB spectra as a tool to 

detect the I'-hi in the BTO, 

Pifiure IV. 10 shows the variation of the permitt- 
ivity with temperature and Table IV.6 summrises their 
dielectric properties. The things to be noted are: (1) 
compared tc the BaTiO,{A) in the well doped case the Curie 
temperature has been lowered by 5°0, (ii) the peak position 
at T lias been lowered considerably, (iii) the room 
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Temperature , °C 


Fig. IV. 10. Variation of the dielectric constant with temper 


Taiole IV. 6 


Dielectric properties of Ma-doped and mdoped samples 


Composition 

Dielectric 

constant* 


tan6 

R.I. 

Change in permitt- 
ivity with 500 V/cm, 
ac amplitude 

at R.I 

! 

. i at T 
t c 

.... 

AS 1 

t 

% 

K 

BaTiOj(A) 

3600 

12000 

130^ 

0.045 

1400 

39.9% 

BaTi02(E) 

1600 

. 2800 

124 

0.040 

190 

ll.'^'^ 

BaTiO^(P) 

2400 

4800 

125 

0.020 

220 

9 .1 % 

BaTiOj(G) 

2200 

4700 

125 

o.ois 

220 

10% 


* All the values are porosity corrected datas. 


X Most of the 0% samples in this hatch showed Curie point at 

130 ^ 0 . 



temperature dielectric constant is decreased to around 2000 

compared to the 3600 of the pure BaTiO,. 

3 

Figures IV.ll and IV.12 show the ac behaviour of 

these samples. It is clear from the figures and also from 

/U£ 

the Table the samples BaTiO^(F) and BaTiO^(O) show 

less change in permittivity and tanS values compared 
Po the other samples. All these effects are due to the 
effective role of oxygen vacancy donors with the tianganese 
ion acceptors. 

IV, 2, 1,2. E lectr oche mica l Exj^rimient ^pjppj^^ the 



Two electrochemical cells were formed to check 
the hypothesis as described in the Section IV, 2. 1.1. Tlie 
procedi''re of the experiment is briefly described in the 
Appendix III. The gain in weight (in mg) of the manganese 
electrode when it was in the oxalate electrochemical cell 
and loss in weight (in mg) when it was in the TiCl^ elec- 
trochemical cell and the developed voltage of 900 mV and 
600 mV respectively in the former and latter positions of 
tin supports the hypothesis, 

I V 2 0 2 . Domain Stabiliz atio n ^d. Resistivity.. Studies : 

llagemann (14) studied the domain stabilisation 
In doped BaTiO^. The dependence of dielectric constant 
and tan6 with ac amplitude becomes larger with La doping 
and appreciably decrease with growing Fe and tin concentrat- 
ions upto 1 mol percent. To xmderstand the stabilisation 










of domains three different mechanisms have been proposed 
(34>5oy56)o (i) anisotropic defect centres are oriented by 
the local spontaneous electrical moments which, in turn, 
favour an existing direction of within each domain (bulk 
effect)? (-!-i) lattice defects diffuse to regions near 
domain walls and reduce the mobility of the walls (wall 
effect)? and (iii) to compensate the electric fields tliat 
arise from jumps in P^ at the grain boundaries charged 
defects move towards or along grain boundaries and fix the 
overall domain structure (grain boundary effect). 

The bulk and the wall effects are controlled by 
dolocts in the 33a'i'iO^ lattice which can be altered by doping. 
If Jial’j 0^ is doped with Ca, Sr, or 2n no additional defects 
are fo3?med because no charge compensation is necessary. 

If it is doped with I-ki or Pe the concentration of oxygen 
vacancies is increased, and if BaTiO^ is doped with la the 
concentration of oxygen vacancies is lowered. 

The ESR measurements of Pe-doped SmTiO^ (37), Jfct- 
doped SrTiO^ (38), and Tin doped BaTiO^ (39) shows that the 
transition metal (TM) dopes are associated with chai'ged 
oxygen vacancl.os in the same Perovskite cell. In this way 
'axial' defect centres are formed. It was proved recently 
tliat j%-oxygen vacancy centres are preferentially oriented 
parallel to the spontaneous polarisation Pg in the tetra- 
gonal ferroelectric phase of BaTiO^ single crystals. The 
stabilisation in Ita doped single crystals was attributed 
to the bulk effect. 



Hagemann (14) hypothesised, that in BaliO^ ceramic, 
too, bhe stabilisation of the domains upon the Be or I''Ih 
addition, is by a gradual orientation of axial TM-V 

o 

associatos. The degree of stabilisation is controlled by 
the Vq concentration. This demands the annealing of the 
samples at higher temperature and then subsequent cooling to 
room uomiDora bure very rapidly in order to achieve a defect 
structure defined by unequivocal thermodynamic conditions. 
During quenching, the high temperature concentrations of the 
atomic defects are frogen; the electric equilibria, on the 
other }iand, will readjust. This means that the total con- 
centration of vacancies remains constant but the charge of 
the individual defects can be redistributed. Sintered 
pellets of A, B, C, B, F and G- were annealed at 1100°C for 
10 minutes and thon cooled rapidly to room temperature to 
achieve the defect structure. These samples were studied 
under ac field. Fjgures IY.15 and IV. 14 shows the dependence 
of e and tan6 with ac amplitude. In the case of P or G- 
thorc is hardly any change in permittivity and dissipation 
factor with ac field upto the possible amplitude limit. 

There is a slight change in permittivity of the sample 
after 500 V/cm. Samples B and C show the donor and 
acceptor doped behaviouir . 

This experiment indirectly tells that in the 
samples B and C, Ita might have occupied the Ba site 
strongly, apart from the grain boundary and Ti positions, 
because the change in permittivity with field is higher 
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E^(V. cmrn 

Fig. IV.13 Dependence of 6 on tHe.'.omplitydc of the external 

AC field. Measured at T=2B^C and f = 'l'KHz. Samptes 
were annealed at tlOO^C ior tOmia aftd cfuenched 
to R.T. in air atrnosphere..- ' • 

j , ? jt S ' 


H Sumpk B; 1 mole Vo Mn sol^^ 

, B and C, belong^te.'o^.-.s^i oi, 
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Fig IV 4 3 . Dependence of the loss factor tan 6 on the 
amplitude of the external . AC field Measured 
at T = 28°C ond f = 1KHz. SampAes were qnheolcd 
at 1100 °C for 10 min. and quenched to RX 
. air atmosphere. , ■ 


than bhaa oi tlio -undopod sample and the degree of stabili- 
sation is poor, which is controlled by the oxygon vacancy 
concentration. 

In order to see the grain boundary effect, iden- 
tical sintering (l300°C/2 hrs) and annealing (ll00°C/4 hrs) 
treatments were given to the samples A, B, C, B, F and G. 
liguirOka IV, 15 and IV, 16 shows the dependence of the dielec- 
tric constant and the loss factor with ac amplitude. (There 
is no cliango in the case of F and G as compared with their 
Sintered condition (Figures IV. 11 and IV. 12). But B and C 
started to show the domain stabilisation to some extent, 

I'jij.s shows t'Jicso Samples arc having some amount of grain 
boimdary effect too. 

To soo the behaviour of those samples in the low 

partial pressure of oxygon, the freshly sintered samples 

of A, B, C, E, F and G wore annealed at 800°C for 30 minutes 

-12 

in the partial pressure of oxygen, Pp, = 10 atm. 

^2 

Figures IV. 17 and IV. 18 shows the permittivity and 
the loss factor dependence with ac amplitude. Samples B 
and C shows good stabilisation behaviour compared to other 
samples. Those studies shows that the presence of J5n in 
the c-rain bounde.ries, and at Ba sites apart from its 
favourable Ti site. 

The resistivity of those samples were measured at 
room tomporature and at 150°C, Table IV. 7 shows their 


resistivity values. 




Fig. IV 15. Dependence of € on the amplitude of the 
external AC field below T^- for different 
concentrations of Mn doping. Measured at 
T = 28°C and f=1KHz. Identical sintering 
(1300 °C/2 hrs) and annealing (1100 °C/4 hrs) 
treatments were given to check the grain 
boundary effect. Well aged samples. 
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Fig. IV.16. DependcncG of the loss factor tan 8 on 

the amplitude of the external AC field below 
Tc for different concentrations of Mn doping 
measured at T = 28 ®C and f =^1 KH?'. . Identicol 
sintering C1300 °C/2 hrs) and .annealing 
(n00°C/4 hrs) treatments were given to 
check the grain boundary effect. Well gged 
samples. ;• ’ ^ ^ 




Fig. IV.17. Dependence of 6 on the orDphtudc of the 
external AC field below Jc for different 
concentrations of Mn doping. Measured at 
T : 28 °C and f = 1 KHz . Samples were 
annealed in UHP Argon at 80Q^C with 
P02 = '10'^^ atm for 30 min.. . Well oged 

samples. . . - , 


tan 



(V cm"^) 

Fig. IV.18. Dapendence of the loss factor tan d on the 
amplitude of the external AC field below 
for different concentrations of Nn doping. 
Measured at T=28'’C and' f c.t KHz: Samples 
were annealed at 800*^0: with FO 2 - 10"^^ 
atm for 30 min. WelT aged .samples. r 



Ta'ble IV, 7 

Resis-civity of undoped and Jfc.-doped samples after annealed 
at 800 C for 30 minutes j p = 10 atm 

^2 


Composition 


Resistivity at room 
temperature 
ohm-cm 


Resistivity at 150^0 
ohm-cm 


A 

7.1 

X 

10® 

5.6 

X 

10® 

B 

1.1 

X 

10^ 

2.9 


10 ^ 

C 

1.6 

X 

ON 

0 

1 — 1 

4.5 


10 ^ 

B 

6 .S' 

X 

0 

1 — I 

0 

H 

5.1 

X 

10^® 

F 01* (. 

2.7 

X 

lolO 

1.9 

X 

10 ^® 


f W «« flu • 







Compared to all other samples E, P or G retains 
their hic'h resistivity. All the pellets had the resistivity 

IP 

of 10" " ohm-era, hoforc the low partial pressure annealing,. 
Ihoro was no change in colour of the pellets except in the 
case ol pure BaliO^, there induces a slight blueish colour 
with whito background. Referring the resistivity values at 
room tomporatu.rc and at 150°C the samples A, 1, F or G 
show 'jho descending nature whereas the samples B and C show 
tho slight increase in their values. Actually the acceptor 
doped DaliO^ does not have any positive temperature coeff- 
icient of resistance. Phis shows tha,t the samples B and C 
have, to some extent, the defective grain surfaces. It 
j s clear that the doping procedure has a marked influence 
in tho proper ties of Mi-dopcd BaliO^. This is duo to tho 



fact that m has three important oxidation states (+2, +3 
and +4) and in different oxidation states it may occupy 
different sites, thus the doping procedure may influence 
the doping site and the properties. 


IV. 3. 


&aOUP I AUD 

GROUP III ; — 


Based on the pilot experiments BafiO^ doped with 
Fttt concencration 0.2, 0,6, 1,0, 1,4 and 2,0 mole percent 
prepared, 'fhoir 'behaviour is discussed below. 

I V . 3 . 1 . Ihcrraal. Analxc_i§. t.'udy. ; 

Pigxire IV. 19 shoxirs the DTA of tin doped barium 
titanyl oxalates. Table IV, 8 summarising the peak posi- 
tions and Table IV.9 comiDaring the weight losses of the 
]3TO(I4^) and BTO(A). There is a gradi;ial decrease of the peak 
temperatures with increasing concentration of Mn. There 
is no separate water peak at 95°C in the case of BTO(M^) 
and BTO(M^). There is a additional peak at 600°C in the 
case of I3T0(H^) and BT0(I'(i^) indicates the conversion of the 
fin oxalates into the oxide of i'Jn. The enthalpy change of 
tlie ondothormic peak that corresponds to the main oxalate 
decomposition {^33^^^) 9 case of BT0(I'^) is nearly 

2/5 of the j3T0(A) peak._ Prom the Table IV.9, it is clear, 
that in the weight loss corresponds to the dehydration 
and i]\itial dGcoinx)OSition of the oxalate, the weight loss 
involved in .010(1113) nearly 14.5 mg lesser compared to 
the 73 TO (A). These things show that the water molecules 



Table 17,8 


Peak positions in DTA o^ nndoped 
oxalates ^ 


and I'In-doped barium titanyl 


Compositions 


Peak positions, °c 

1 

1 Additional 


J peak 
! 
f 
t 


BTO(A) : 

0 Mn 

95 

160 

245 365 

790 


BTO(M^) 2 

0.2 

Mh 

95 

165 

345 

742 


BT0(M2) s 

0.6 

I^n 

95 

162 

340 

740 

... 

BT0(>L5)s 

1.0 

Ita 

95 

162 

340 

720 


BT0(II^ ) : 

1.4 

1% 


162 

340 

710 

600 

BTO(M^) : 

2.0 

Iti 


156 

320 

697 

600 










attached 

with 

the 

doped case 

is smaller compared to 

the 

undoped 

one . 

The 

weight 

loss 

which corresponds to 

the main 


oxalate decomposition of the BTO(M^) is nearly 20.5 mg 
higher compared to the BTO(A). This shows that the oxalate 


Table 17.9 

Comparison of the weight losses of the BT0(])^) and BTO(A) 
per gram of the sample ^ 


Compositions 

! (x) 

(ii) 

! (iii) 

} Total 



1 mg 

t 

H. J mu »»» <ti <• *• *mi m, 

\ mg 

I 

1 mg 

I 

! mg 

f 

BTO(A) 

202.5 

195.0 

SIS 

465.0 

BT0(I'lr:) 

108.0 

215.5 

47.0 

450.5 


(i) Duliydration and inj.tial decomposition of the oxalate 

(ii) I'fein oxalate decomposition ('^550°C) 

(iii) Pinal decomposition, to BaTiO^ I DU c;. 



© BTO (M,) :0.2 % 

® BTO(M 2 ); 0 , 6 Vo Mn 
@ BTO (M 3 ) : 1.0 % Mn 
® BTO (M 4 ) ; 1.4 % Mn 
(D BTO (MJ rZO % Mn 



which formed hy Ko ia in its higher oxalste form. In the 
final decomposition BTOCllj) is having 20.5 mg lesser weight 
loss compared to BTO(A). ihis is Because, the amount of 
Oj, evolved in the final decomposition is less in the case 
or tin doped BTO since the dopant turns to its oxide form 
at 600 K itseli. There is a difference of 14.5 mg in the 
total weight loss , 

When the precipitate of ]!% doped BTO was make, as 
described earlier, as soon as the TiCl^ touches the 
xoducod i‘lj.L biie colotir of the solution becomes intense 
rccldisli brown. '.lTd s is confirmed, mostly, as oxalate, 

[FJn ('^0). This is one of the reasons, why IR 

Spec era uhovirs the shif'c of Ti—O peak towards the higher 
f re quoncy . 

I V . 3 . 2 . .^P-ljs.is. s 

Tho X-ray diffraction pattern of the calcined 
powders of undoped and Mh doped BaTiO^ with different 
concentrations showed the presence of tetragonal phase. 
There is no change in the c/a ratio of the pure and Mn- 
dopocl samples upto the second decimal, 

I V . 3 . 3 . Chemical, .^aljs i^s ; 

Table 17.10 shows the Ti/Ba ratio of the pure 
and i%i doped samples. As expected Ti/Ba ratio decreases 
with inc.roasing concentration of Imi. 



Table lY.lO 


Chemical analysis; ratio 


Compositions 

1 Ti/Ba 




]DaTiOj(]>L^) 

0.99 ’ 

BaTiO^(M2) 

0.99^ . 

BaTiO^(M^) 

0.991 . 

BaTiO^(M^ ) 

0.98: . 

JiaTiO^(I'I^ ) 

0.98. 


IV . j) » Tpi)i2K5ratu2‘p_ Poj}©ndencp_ p_f_ Dielectric Pronerties ; 

Table IV. 11 shows the dielectric properties of the 
undopcd and i%i“doped BaTiO^.' Piginre IV. 20 shows the 
variation of; the dielectric constant with temperature. The 
dielectric constant and the loss factor values decreases 
with jncrcasing J^ln concentration. There is a reduction of 
5°C of the Curio point in the 2 percent JSci sample compared 
to that of 0 percent sample. The peak height also has got 
siipprussod. This moans thnt the temperature coefficient 
of di oloctric constant of the doped samples is small 
compared to the undoped one. 

When the trivalent ions with similar radius of 
Ti^'"^, replace the Ti ions in BaTiO^ with one or more of 
the iollowj.ny throe olfects (10) 

(l) The structure remains perovskite, with 
random replacement throughout the lattice? the distribution 






of the vacant 0 sites required to balance the reduced charge 
on the Ti sites is also random; the Curie point is lowered. 

(2) Tho structure remains perovskite for the 
greater part and replacement is confined to certain laminae 
which also contain a high concentration of vacant 0 sites; 
ohe otructure in these planes is similar to that in hexa- 
gonal BaTiO^ ; the planes have a clamping effect which largely 
inhibits cho forroolcctric behaviour of the material. 

(j) fho structure becomes hexagonal with random 
distrib\rbion of both tri valent ions and vacant 0 sites; 
tho r/uatorial is oiitiroly paraelectric. 

A structure similar to that described under (2) may 
also bo assumed to occur in the absence of trivalent ions 
when hj.gh-purity barium titanyl oxalate is calcined at 
tomperaturos upto 1250°C. 

Ihis can only bo given the status of a observed 
trend in tho present study. 

Tablo 17,12 shows the variation of the Curie point 

of tlic hln doped samples which were subjected to different 

heat treatment . fhorc is a decrease of in the case of 

th,c low ]' . treated samples and this decrease is large in 
^'2 

tho caso of higher concentration of ])In doping. It is 
clear that the acceptor changes its oxidation state and 
thereby produces the oxygen vacancy for compensation, 
fhero is lardly any chaiigo in the of the 0^ treated 
samx^los wi th tho higher? concentration of but with 
lower concentration of I'ln there is a increase of 1 C. 



Corap OS itions 


Table lY.n 

Dio loo trio properties of Mn-doped BaTiO, 

5 

— 1150°C/2 br_s_. 



! Biflk . 

I density 

1 (percent ) 

! K at 1 
! R.T. ' 

1 1 

tan6 ' ! f 

i c 

f 

t 

i K at 
; "o 

' ■- * 

- . , 



f 

f 

BaTiO^(A} 

97 

4000 

0.08 

130 

12000 

BaTiO^(M^) 

95 

3700 

0.076 

129 

9600 

Ba'i'iO.j ( M,, ) 

96.5 

3100 

0.043 

127 

8000 

Da'i'iO.^(l'l J 

'* 8 

3800 

0.023 

127 

5600 

BaTiO^(n^) 

90 

2650 

0.020 

125 

5400 

BaTiO^(fl,^) 

97.5 

2500 

0.C20 

125 

5000 


Table IV. 12 

Variation of tho Curio point of Mn-doped samples with respect 
to tho heat troatraont 


I 1 I • 


Composition 

Sintered 

JSintorod in 

Sintered in 

I Sintered in 


'in air 

'air and 

argon 

1 oxygen and 



,'o.nne alod 

( 10-12 atm) 

I annealed and 



and quen- 

and annea- 

j quenched in 



Sailed in air 
? 

! 

« 

f 

led and 
quenched in 
argon 

i oxygen 

r 

! 

W M Ik ! m h. 

°o ... 

.,..fc 

,.°C 

1 0 

1 c 

BaTiO,,(A) 

130 

129 

128 

130 

BaTi0^(l>t^) 

129 

129 

125 

130 

BaTiO,,,(l'L) 

j tL 

127 

126 

122 

129.5 

BaTiO„(il ) 

J 

127 

127 

120 

127 

BaS3 0j(M^) 

125 

124.5 

117 

125 



I "V" . 3 . 5 . I^omairi alq i li s a t jyig chani sm ; 


Figures IV . 21 and IV. 22 show the behaviour of per- 
mittivity and the loss factor with the ac amplitude of the 
Mil doped and undoped BaTiO^. Figures IV.23 and IV .24 shows 
their behaviour after annealing and quenching treatments in 
air. Ac any change of unit field the change in permittivity 
and lOwJtj lac Loi decreases with increasing Mn concentration, 
ll'ie t] iioiiclie d samples of higher I'ln concentration showed the 
domain o ijabilisation. Figures IV. 25 and IV. 26 show their 
va I'.i a ii i. on with. 3.c amp3.itudej after quenched in the low 
pa-i't .1 u,.i p I'cj.'jinii'e oi oicygen. The stabilization strengthened 

still :i:''iirth.e:r because of the increase in the V concentra- 

o 

■fc;] on ain.l. bJiei'Oj.’ox'e more TH— V^ alignment depends upon Wh 
concejrtration. Figures IV. 27 and IV. 28 show the permitt- 
ivity and loss factor dependence with the ac field 5 these 
samples are quenched in the oxygen atmosphere. The beha- 
viour is sj.milar to the air sintered samples one and no 
stabilization is found out. Compared to the low partial 
pressure of oxygen treatment the loss involved here is 
(;iu:jot hlq.b bocauso of the reduction of the V^ concentration 
and so L]u^ at)So:nco of effective TM-V^ alignment. Figure 
IV. 2 b .'djoi/s Wic calculated oxygen vacancy (14,19) with 

vri.r.-i (ri!s I'lji ooncontreitj. on and with various F„ . Oxygen 

^2 

vaon/Moy (,:c.)iKU!n bration increases with increasing IJn concen- 
tra, b iou aJ.so with decreasing the partial pressure of - 

oxy,-,cn. II, ;is c.loar that the samples with proper TM-V^ 
aligiiNOjib sliow the less loss current compared to the other 
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Fig. IV.21. Dependence of € on ’ 0 mpiitud 
external AC field Cif./T-.? 

and f r 1 KHz. 

(1350 °C/2 hrs) air , : 



(V OT -1. ' . . ' • 

’* ' t ^ ^ I ' 

1 , i ' ’ k s \ ■* - 
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Fig. IV. 22. Dependence of the loss fpotor tqn. : 6 on 
the amplitude of tho est^rnat,,AC;JfMdi - 
Measurigd at T = 28^C,:dM;J' = l^ 
aged sintered sampti^/^f§|nf®r^/af^:13^- 
2 hrs in air atmosplie#fr':'o-’^^ 



E^{y\ CW%:, . ;v"-' ; 

' '^r ' * I ''' 4 ’ ''' ' 

Fig. l\I23. Dependence of € on 
external AC field / 

f = 1 KHz . Samples IttC 

for 10 min and 
air atmosphere ut 




Fig. IV.24. Dependence of the loss ifditor.-tctn 5 on the 
amplitude of the ’extern.dl; AC 
at T s 28 and f i:. f KHz 
annealed at 13dO''G 
to room temp, 
in air atm. at 


in air 
1350. °( 


spnere . . [.sinterecl 





Dependence of e on the amplitude 
external AC field . Measured at T = 2 
f = 1 KHz. Samples were annealed at 
for 10 min and quenched to room 1 
the low partial pressure of oxygen 
[ Sintered in the purified argon with 
at 1350 °C/2 hrs] . : :: 




Dependence of the loss factor tan 5 on the 
amplitude of the external AC field . Measured 
at T = 28°C and f=lKHz. Samples were 
annealed at 1300*^0 for 10 min and quenched 
to room temp, in the low partial pressure 
of oxygen (PO 2 = 1(3^^ atm). [Sintered in the 
purified argon with PO 2 = 10“^^ atm, at 
1350 *’0/2 hrs' 



6CEJ-€{0) 



in the oxygen atm. at 1350 C/2 


Dependence of e on the amplitude of the 
external AC field. Measured at T = 28*^C 
and fsIKHz. Samples were annealed, at , 
1300 for 10 min and quenched to room 

tomr* in tho nyvnon ntmoc^nherG [Sintered 



tan 
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1 
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Fig, IV 28, Dependence of the loss factor tan 5 on 
the amplitude of the external AC field , 
Measured at T=28°C and f ^ i KHz, Samples 
were annealed at 1300 °C for 10 min and 
(Quenched to room temp, in the oxygen atm. 

I Sintered in the oxygen atm at 1350°C/2hri 




0 P02(1300^C) = id" atm. 

• P02 ( 1300 “ c } = 1 Qtm, 
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ones. In all the oases the samples are having a regular 

tronfl o± behaviour and showing the expected nature of the 
acceptor doped sample. 


]la,':^Gmann ( 14 ) reported that the effect of acceptor 
doping!; on the small-signal dielectric losses is not likely 
to originate from domain effects but rather from a change 
of fclio lo¥ frequency relaxational response of the material. 
I’hio is because, the change of loss with frequency, of the 
dopGti oamijloo, is greater compared to that of the pure 
Go nrid I . figure IV, 30 shows the frequency dependence of the 
loss lanto.r for pure and acceptor doped BaliO^. Here fine 
g.ruJnocI imrc Jiaii’iO,^^ also exhibits the greater change of 
lo.'i.i w,i 1:1 . 1 1'ociuojicy whereas the BaTiO^ prepared from BaCO^ 
and 'J'ri.Uj, duos not have this behaviour. At any frequency, 

Iho Fui do god sample show the loss loss current value com- 
l)arod 1.0 l;ho undopod one. It seems that apart from the 
a«cor)t.or doping, the fine grains also have this effect of 
low rruqucncy relaxational response. 


J V . 3 . 6 . ifl. H 2 • 

Those studies have been carried out to get the 
optlmujti concentration of Bln which will give high resisti- 
v.i ty bodies of Bal'iO^ even if they are treated in reducing 
aumoophoros. from the Table IV. 13 one can see that all 
tb.o Hn doped compositions are showing higher resistivity 
in Hp anncalin{:, at hi^ temperature compared to the undoped 
one. Compositions B and G are retaining their resistivity 
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Effect of annealing, in different properties of the r^i-BafiO^, at various tempera ti 
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upto 900 0 but not at 1100°C, among u^, and 

and aro ahowlne the better propertied at 1100°0 
compared to all the other eamples. From the table one can 
oonclutlo that to produce Bfffl disc capacitors by using Ni- 
Irit ('-.lano electrode, minimum concentration required to 
g:et tho good properties of the BaTiO^ dielectric is 0.6 
niolo percenc of composition M 2 or 2.0 mole percent of 
coinpo;:! t.i on 0. 


AlhUPiLl.iAk and Quenching in Various ^ at 1100^ s 

WJ Ih the api^lication of the multilayer capacitor 

ill J'l orcloi* to x^rovent the oxidation of Hi in a 

t'vc;', 1', at !IX00 C tlioDG studies were carried out. 

/'i 

liai'.c.'inatiii (.'IS') reported the similar sutides on the sampoles 
j[H'n parwi’l j'roiii BaCO^ and Ti02. To prevent the oxidation of 
Mj t]ic; [lartilal pressure of oxygen at 1100°C should be 

Up 

—10 

lower than 10 bar. Table IV. 14 shows the variation of 
the rotvjniivity with Pq . With decreasing Pq^ (down to the 
lower partial pressure of oxygen) the resistivity of the 
undopod and Mn doped BaTiO^ decreases, but the amount of 
dcc!rt;n,iie is hi r, her in the case of 0 percent and lightly 
clojiotl namiaos compared to the higher Ifc doped samples. 

In I.J10 nJ/liiO partial pressure of oxygen, Pq^ = lO"^^ atm., 
liio iiuuiiriura concentration of Mn required to retain the 
high rosiutivity is O.S mol percent (Mg) in the case of 
Group III coiiiponitions, and 2 mol percent (C) in the case 
of Ui-oup 1 compositions. In this range undoped BaTiO^ 
oxhibltu high conductivity. 
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IV. 3. 8. 


PpkOT.QRr .of. Camci tnrs ; 


This study was done to measure the capacitance 
and the loss factor of the Ni electroded Ife-doped sample. 
Table iV.l‘j(A) shows, the values of C and tan6 of the hi 
oloctx’odod Mn compositions after treated in H, at 900°C 
j or 1 hr. After the heat treatment in Hz, the continuity 
of tlio electrode was checked; the resistance is less than 
0.7 ohms. Electrode adhered very well to the pellet samples. 


Table IV.15(A) 


m 


olnc Lroclod sautplos : 


Treated in 900*^0 for 60 minutes 


' f’ ' ’ ' 


Oomposj.tj en 


\ Dielectric constant 


J. 


Loss factor 


BaT.10,.(C^) 3200 0.070 

BaTi0^(l'^) 3500 0.082 


3 11 order to compare the behaviour of the Hi elec- 
trode, Hi was removed and Ag was applied. Their behaviour 
j.fj, shown in Table IV. 15(B). 


Table IV.15(B) 


Ac, oluci;roded on the samples which w£Y€.previously coated 
with Hi electrode 


Comp os i bion 
BaTi0^(Cj_) 


{ Dielectric constant } loss factor 

3200 0.050 

3500 0.061 


Voiy lifctl© change in loss value proves the eff- 
ectiveness of Ni electrode and also the doping. 

'rj3jjip6y_atti-^e D epe ndence of Resistivity of Pure 
and, Jfa-ASi’sA PaJi-Pj ‘ 

Pigure IV. 31 shows the variation of the resisti- 
vity of the samples with temperature. It is clear in the 
casn of Group III, the resistivity at any temperature was 

foiincl to decrease vrith content. This indicates that 
# 

vO,ccoi)torf! are more or less fully ionized. But Samples B 
and 0 behaving in a different way. 


iV./l. 


iOFPilGX. Oi'' THE STRONG REDUCING ATMOSPHERE ON [ffiB 
JlIuBilRTl ‘B|r PX “Tfffilto-p'OPED PbiiPOSiTIpNA'" 


The (JamiG.eri vrore sintered at 1350°C for 2 hrs. in 

dry il,, (GO cc/soc). The partial pressure of oxygen which 

^ -18 
wilJ. bo (iroducod in this condition is approximately 10 

uLiiu Tublu IV. 16 suiffiiiarizes the properties of the samples. 

The pcriiii b bivity of the composition (C) is very high with 

low loos factor. In the strong reducing atmosphere BaTiO^ 

will bocomo sciaiconductive, and therefore the loss involved 


io very iiigh, 

3n the stronn radming atmosphere Mh will he 
roduootl to and a separate »iO phase start to appear 


( 10 ). 

'j'hlu exporimont shows that the strong reducing 
atmosplioro io not adv3.sablo to sinter the Mh doped samples. 




ioVtV’ 


Fig. IV.31.. Variation of resistivity with temperature for the un<j 
and Mn- doped BaTiO . 


Table 17.16 

Effect of strong reducing sintering on the properties of 
Mn- doped samples j- -t- 


Composition 

\ 

{ £ 

* 

% 

\ 

J tan6 { 

f f 

f 1 

! ! 

at R.T. 

( ohm-cm) 

BaTiO^(A) 

- 

— 

2,2 X 10^ 

BaTi02(B) 

26,000 

0.4 

3.0 X 10^ 

BaTiO^(C) 

40,000 

0.251 

2.5 X 10^ 

BaTiO^(]^l, ) 

- 

- 

1.25 X 10- 

BaTiO^(i'L) 

J d 

22,000 

0.500 

4.0 X 10^ 

BaTiO^d'l^) 

30,000 

0.65 

5.0 X 10^ 

BaTiO^lM^ ) 

>1 million 

0.99*^ 

1.5 X 10^ 

BaTiOjCM^) 

^1.5 million 

0 ^'9^ 

5.1 X 10^ 


q) The loss factor could be covered by G-R 1615-A is 0.99. 
Approximate £ values, at tan6 = 0.99, are reported. 



^ • SIMi m MD CO IICLJJSIOjTS 


Mn-doped BaTiO^ prepared by oxalate method (when 
Jin added to the Ba and li solutions and then precipitated 
as jyin-doped BTO) was studied thoroughly in order to under- 
stand the role of fc. In this, I-ih behaved both like a 
donor and an acceptor dope. Bal'iC^ samples of this kind 
do not have any regular trend like the acceptor doped BaliO^ 
prepared from BaCO^ + Ti02 mixtures. Ihe domain stabili- 
zation behaviour of these samples were achieved by annealing 
them in the low partial pressure of oxygen. Samples of 
tJiin kind, shown very high dielectric constant (^- 50 , 000 ) 
with low loss (< 0.25), when they were sintered in strong 
reducing atmosphere at 1350°C for 2 lirs. These 
might help to develop the high value capacitors. 

The role of In when precipitating along with the 
Barium Titanyl oxalates was studied and hence a reasonably 
fiood dieleotrio composition was developed for the BIIE 
teohiiology. The suspected mechanism of reduction, oxida- 
tion and subsequent function of higher oxalate group of Mn 
was explained. The development of the doping was necessi- 
ated, because the doping procedure has a marked influence 
on the properties of Ifa doped BaTlO,. It is due to the 
fact that Jin has three important oxidation states (+2. +3 
and +4) aJid in different oxidation states it may occupy 

different sites. 

The -influence of Mn on the decomposition of BTO 
was studied by B-M and Ta4. M doped BTO-s (samples of 



(j-roup III)j show the decrease in the peak temperatures and 
this trend increases with increasing Ifa concentration* i&i 
doping also affected the change in enthalpy Speaks mainly 
the one which, corresponds to the main oxalate decomposition. 
A decorapo>sition scheme for the pure BTO has been proposed 
in order to calculate and compare with the observed weight 
losses. The comparison of the weight losses betv/een the 
undoped and the one doped with 2 mol percent I-ta (Group III), 
showed that (i) in the i% doped BTO, the water of crystall- 
ization is less compared to the pure BTOj (ii) in the main 
oxalate cieconpositioii, the evolution of CO group is large 
for i''Jn eloped BTO, comiDared to the undoped BTOj (iii) in the 
linal decomposition there is a slight decrease in amount 
oi 0„ evolution in tho doped case. 

IR technique has been used successfully to detect 
the acceptance of Ita hy BTO. The Ti-0 peak has been shifted 
to higher'' frequency. This combined with the BTA and TGA 
analysis show indirectly that tin got into the compo^md BTO 
WD th its higher oxidation oxalate group. 

Tho dielectric constant and loss factor of the 
Pln-dopcd samples of group III showed the re^lar trend of 
dccroaS 3 .n{:: nature and the Jln-doped samples of group I 
showed the unusal bobaviour that the dielectric constant 
of doped samples are higher compared to the undoped one. 

Tho domain stabilization studies of the ito doped 
saanploB of Group III showed that (i) domain stabilization 
has boon improved by tho quenching from the higher 



temperatures and it has been improved still further by 
carrying out the quenching in the low partial pressure of 
and (ii) the change in permittivity and loss 
factor with ac field decreases with increasing concentration 
of I In. The frequency dependence of the loss factor study 
showed that apart from the acceptor doped sample, pure BaTiO^ 
of the present study (fine grain material) also showing the 
large vsiriation of loss with frequency and the loss decre- 
ases with increasing frequency. But ceramic BafiO^ pre- 
pai'od from BaOO^ and Ti 02 does not have this effect, like 


in uho case oi iti-doped samples, the fine grained BaTiO.? 

corand c also liavo the low frequency relaxational response, 
A- 

I'he olectrj cal resistivity behaviour of the Mh- 


doped Bal’iO^ 5 with the application of BiS disk and multi- 
layer capacitors in mind, was investigated (i) by annealing 


the material in hydi’ogen over a wide range of temperatures 
(500, 700, 900 and 1100°C) and (ii) by annealing and quen- 
ching the mterial at 1100°C in the various partial press- 
ures of oxy.'^’en (P^ ). Those studies show, that Ma-doped 
BaTjO- with higher Ife concentration retains its resistivity 
at thc! oxtromo temperature and conditions, whereas 
undoped BaTiO^ showed large conductivity. Prom these 
studios one can conclude that the minimum concentration of 
0.6 mol porcont J^In (M 2 ) and 2.0 mol percent Mn (C) doped 
BaTiO.^ can bo used to produce BMB disc capacitors and Mg 
itself could bo used to produce BMS multilayer capacitors. 

Nickol oloctroded capacitors with good dielectric 


proxjortios wore prepared. 



APPENDIX I 


CHE MGAL ANALYSIS 


To determine the Barium and Titanium in the BaTiO^ 
■which was prepared from Barium titanyl oxalate method the 
following procedure is used which is essentially tiie o“.e 
Clahaugh (21) and Desu (6) followed. The preparation of 
BaTiO^ is from BTO, so in the case of pure BaTiO^, it is 
necessary to check ^tlie to Bu mole ratio .-.s uiiity and in 
the case of 1-ki-doped BaTiO^, since tin is expected to 
occupy Ti site, to know the respective to BfiL ratio that 
depends upon dopant concentration. The error involved in 
this method is negligibly small and care has been taken 
for the interference of Ma with Ba or Ti values. 


gypJ!_RI MENTAL Pg QQJBSg. 

About 0.5 S of barium titauate is accurately 
woifihod and disaeted with 15 rol concentrated hydrochloric 
aoid hy hontlns gently until the yellow colour of the 
ooxutl dieappeare. .0 this 15 »1 - -er ie added »d^ 
boiled gently until the sample dissolves completely.^ 

is further diluted to 100 ml and to this 50 ml o a 

‘ The acidity is adj^^tcd 

^ r.'f ViWA is added# j 

cent solution of ^ 

to PII 5.5 to 4.0 With diluted a»oniu» hydrorr 
resulting solution i. .oiled end the lo - 

tntea a. hariu. sulphate hy adding 20 nl of a 25 pe^oen 



solucion of ammonium sulphate. This is digested on the 
steam bath until the barium sulphate precipitates and the 
supernatant liq.uid becomes clear. The precipitate is 
removed by filtration, washed with water, ignited in a 
previously weighed silica crucible and weighed as BaSO^. 
Prom this weight of BaSO^ the percentage by weight of Ba 
is calculated. 

The combined filtrate and washings are concentr- 
ated to about 100 ral, acidified with 20 ml concentrated 
suilj^liuric acid and cooled to 10°C. To the cooled solution 
a freshly prepared 5 percent aqueous cupferron solution is 
added slowly and with constant vigorous stiri-ing. First a 
ye3.1ow precipitate of titanium cupferrate is formed and 
the addition of the cupferron reagent is continued till 
the formation of a white precipitate. The formation of a 
white precipitate indicates that the reagent is present in 
excess. The precipitate is removed by filtration while 
it is cold through a Wo. 41 filter paper. This is washed 
several times with 10 percent by volume of sulphuric acid 
containing 1.5 g of cupferron per litre, then twice with 
13 M ammonia solution to remove excess of cupferron and 
finally once with water. The precipitate xs ignited in 
a previously weighed silica crucible gently at first and 
then strongly. This is weighed as TiOg. Prom this weight 
of TiOg percentage by weight of Ti is calculated. 

The jnole ratio Ba/Ti is calculated from the percentages 


of Ba and Ti. 



In manganese doped "barium titanate samples the 
manganese is also precipitated along with titanium and 
converted as Mn20^ on ignition. The ignited sample is 
treated with concentrated hydrochloric acid, which will 
dissolve the This is filtered, washed with water, 

ignited in a previously weighed silica cruci'ble and 
weighed as Ti02. The mole ratio Ba/Ii is calculated as 


mentioned a"bove. 



APPEI TDIX II 


PIliiOEliSOR 


fhis is an oxygen sensor using a calcia stalDilizod 
zirconia solid state electrolyte with platinum electrodes 
to rooasuro trace amounts of oxygon in a flowing argon-oxygen 
gao j'm.xture (24). Figure AII.l shows the schematic ro- 
prosontation of the oxygen sensor unit. 


Piil/JCIPIEs 

In an oxygen concentration coll of the typo 


(-) (+) 


in which tho electrolyte iias an average, ionic transport 
nuiiihcr, V = 1, the electromotive force of the cell, B is 
given hy 


B 


R'l 

4F 


In 




(AII.1) 


whore P?, and PI aro tho oxygen pressuros at tho cathode 
and anode, respectively , R the universal gas constant, 

'I tho absolute bemperature in h and F the Faraday s 
c ons taut . 

Ideal g'as hohaviour i,o. fugacity = pressure is 
assumed. In the present study P(J'^ = 0.21 atm, since air 
ia used as tho roforence electrode. Taking R = 1.S87 cal 
mol~^ and F = 23061 cal per volt oqiiivalont in 





equation (All.,-.) yi3ia3 

^“Sorii = -^-2^ 

or alternatively 


(All. 2} 


B 



wiicro E is in abs m7, T is 

OAIlBiaTipB ; 


in °e: and P« 

^2 


in atm. 


(All. 3) 


By using the calibrated Plow motor laaown amount 
A^.., on -Oxygen gas mixture could be passed into the oxjrgon 
sensor ana tho doTolopod omf moaeured by using tho platin™ 
oloctrodou. I'lio orperinontal valuo was yory wall agroed 
with tho oaloulatod ono by using tho oqn. (All. 3). Piguro 
ATI. 2 shows tho calibration of tho 


oxygen sensor. 







PORMTIOF OP EIJiiCTROCHEI'IIC/Ji CEIL TO STUDY THE 
DOPIire JECII/UnSH op iSa 


¥liilG preparing Min-doped BTO of Oroup II two min 
points wore noticed. 

(i) When Mn"^^ was added to the hariiim oxalate 
solution with the excess of oxalic acid 5 the harium oxalate 
started to disappear j 

(ii) In the Same solution if TiCl^ was added in 
drops 5 tliO solution turned into reddish brown colour 
immediately. 

Pirst ptoint proves the reduction of Mh and the 
second > the oxidation. 

To confirm, two electrochemical cells were formed s 

(i) Barium oxalate solution with excess of oxalic 
acid and manganous solution were taken. Metallic Mn 
attached with Pt was dipped into the manganous solution and 
the other Pt-lead was dipped into the barium oxalate solu- 
t;ion. Tho voltage of 900 mV was developed as soon as the 
sodium oxalate salt bridge connected the ki-ro solutions. 
After few hours, the voltage started to reduce and tho 
metallic i& was taken out. Gain in weight proved the 
reduction process of Mn in the presence of other cationic 

bo <# 

(ii) Tho same sot up was taken again but instead 

^ ■ n +Ttnnium tetrachloride with small 

of hariuia oxalaoo, diluuc oitaniuu 


amount of oxalic acid was taken. The developed voltage in 
this case was 500 mV. 

Hero , the metallic Ifc started to give huhhles . 
I'loroovor dull hr own colouration was observed in Ife beaker. 

To clieclc further, metallic I'fe. was treated with the following 
and various colourations were observed s 

HCl Enormous amount of bubbles and dull pink 

2+ 

colouration due to I-Jn . 

Aciuoovis TjCl^ ; Enormous amount of bubbles and intense 

7+ 

xuuple or voile t colour due to I-in 

Dilute TiCl, + ; Enormous amount of bubbles and reddish 

" . . * 5 - 1 - 

Oxalic acid brown, colour duo to I'In . • 

Goliil-ion 

Those results confirmed the existence of redox system 
in tho experiment. 
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